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Abbreviations  
 
AAMR   American Association on Mental Retardation 
AChR   acetylcholine receptor 
ADHD   attention deficit hyperactivity disorder 
AMPAR  α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 
ATX   ω-agatoxin 
BDNF   brain-derived neurotrophic factor 
cAMP   cyclic adenosine monophosphate  
CCP   conditioned cue preference 
CNQX   6-cyano-7-nitroquinoxaline-2,3-dione 
CNS   central nervous system 
CR    conditioned response 
CREB   cAMP response element-binding 
CS    conditioned stimulus 
CTX   ω-conotoxin 
DLS   dorsolateral striatum 
DMS   dorsomedial striatum  
DS    Down syndrome 
DSM-IV  Diagnostic and Statistical Manual of Mental Disorders IV 
FMR1   fragile X mental retardation gene 
fMRI   functional magnetic resonance imaging  
FMRP   fragile X mental retardation protein 
FXS   fragile X chromosome syndrome 
IMST   interactive memory systems theory 
IQ    intelligence quotient 
kDa   kilodalton 
LTD   long-term depression  
LTP   long-term potentiation 
Abbreviations 4 
MK801   dizocilpine 
MMS   multiple memory systems 
MR    mental retardation 
NMDAR  N-methy-D-aspartic acid receptor 
NMJ   neuromuscular junction 
NS    neutral stimulus 
NSMR   non-syndromic mental retardation 
NT    neurotrypsin 
NtA   N-terminal agrin domain 
OCD   obsessive-compulsive disorder 
PKA   protein kinase A 
PKC   protein kinase C 
PMR   profound mental retardation 
PSD   postsynaptic density 
SER   smooth endoplasmic reticulum  
SMR   syndromic mental retardation 
SRCR   scavenger receptor cystein-rich repeat 
TM-agrin  transmembrane agrin 
tPA   tissue type-plasminogen activator 
uPA   urokinase-plasminogen activator 
UR    unconditioned response  
US    unconditioned stimulus 
VGCC   voltage-gated calcium channels 
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Summary 11 
Summary 
The trypsin-like serine protease neurotrypsin is expressed in various tissues including the 
central nervous system. The most prominent expression of neurotrypsin was found in the 
cerebral cortex, the hippocampus, and the amygdale, structures engaged in the processing 
and storage of memories and learned behaviors. Study characterizing a 4 base pair dele-
tion in the neurotrypsin gene as the cause of severe mental retardation indicated that neu-
rotrypsin is involved in neuronal plasticity. Immunoelectron microscopy showed that neu-
rotrypsin is localized within presynaptic terminals and live imagining revealed that its 
exocytosis is regulated in an activity-dependent manner. Further investigations identified 
the heparan sulfate proteoglycan agrin as the unique proteolytic substrate for neurotryp-
sin and revealed that neurotrypsin cleaves agrin at two conserved sides, resulting in the 
release of a 90 kDa (agrin-90) and 22 kDa (agrin-22) fragments. The overexpression of 
agrin in rat hippocampal neurons resulted in the formation of filopodia-like protrusions 
on axons and dendrites. In the first part of my thesis, we studied whether agrin cleavage is 
involved in activity-dependent generation of filopodia. Induction of long-term potentiation 
(LTP), using two types of the chemical stimulation, confirmed that cleavage of agrin by 
externalized neurotrypsin requires postsynaptic activation. In neurotrypsin-deficient mice 
LTP was intact, but LTP-associated formation of dendritic filopodia was abolished. Admin-
istration of agrin-22 restored the LTP-induced increase of filopodia in neurotrypsin-
deficient mice.  
The second part of my thesis was devoted to the characterization of the behavioral pheno-
type of neurotrypsin-deficient mice. Experiments in the Morris water-maze revealed the 
elevated acquisition of spatial orientation skills, which was most pronounced in the so-
called reversal learning phase, in which a previously learned solution of a task becomes 
unsuccessful and has to be replaced by learning of a new solution. 
These data, suggest that the neurotrypsin/agrin interaction system serves a homeostasis 
role in learning and memory. We speculate that the lack of neurotrypsin, thus absence of 
agrin-22, results in a deficiency of activity-dependent filopodia formation, which in turn 
may cause a weaker memory trace during the initial acquisition learning phase. Subse-
quent learning of a distinct solution to the task becomes easier for these mice, because the 
weaker memory trace established during the initial acquisition phase exerts a lesser im-
peding effect on the learning and the consolidation of the new solution. 
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Zusammenfassung 
Die Trypsin-ähnliche Serinprotease Neurotrypsin wird in verschiedenen Geweben, 
einschliesslich des Zentralnervensystems, exprimiert. Die stärkste Expression von 
Neurotrypsin wurde im zerebralen Kortex, dem Hippokampus und der Amygdala 
gefunden. Alle diese Strukuturen sind involviert in die Verarbeitung und Speicherung von 
Erinnerungen und lernfähigen Verhaltensweisen. Eine Studie fand einen kausalen 
Zusammenhang zwischen dem Verlust von 4 Basenpaaren innerhalb des 
Neurotrypsingens und schwerwiegender geistiger Behinderung. Dieses Resultat legte den 
Schluss nahe, dass Neurotrypsin in plastische Vorgänge innerhalb des Gehirns involviert 
sein könnte. Elektronenmikroskopische Aufnahmen, basierend auf immunologischer 
Detektion von Neurotrypsin, zeigten, dass die Protease in präsynaptischen 
Nervenendigungen angereichert ist. Mit Hilfe von Lebendzellmikroskopie konnte 
weiterhin gezeigt werden, dass die Freisetzung von Neurotrypsin in aktivitätsabhängiger 
Weise geschieht. Eine daran anschliessende Studie identifizierte das Proteoglycan Agrin 
als bisher einziges Substrat für Neurotrypsin. Neurotrypsin schneidet Agrin an zwei 
konservierten Spaltstellen und bewirkt die Freisetzung eines 90 kDa (Agrin-90), sowie 
eines 22 kDa (Agrin-22)-Fragmentes. Überexpression von Agrin in hippokampalen 
Neuronen der Ratte, führte zur Bildung von Filopodien-ähnlichen Fortsätzen an Axonen 
und Dendriten.  
Im ersten Teil meiner Doktorarbeit untersuchten wir, ob die proteolytische Spaltung von 
Agrin und die aktivitätsabhängige Entstehung von Filopodien in einem direkten 
Zusammenhang stehen. Die Aktivierung von Langzeitpotenzierung (LTP) durch zwei 
Arten von chemischer Stimulierung bestätigte, dass das Schneiden von Agrin durch 
präsynaptisch freigesetztes Neurotrypsin eine  postsynaptische Aktivierung benötigt. 
Mäuse mit Neurotrypsin-Defizienz zeigten eine normale LTP, jedoch fehlte bei ihnen die 
mit LTP verbundene Bildung von Filopodien. Durch Zugabe von Agrin-22 liess sich die 
LTP-abhängige Zunahme von Filopodien in Mäusen mit Neurotrypsin-Defizienz 
wiederherstellen.  
Der zweite Teil meiner Arbeit befasste sich mit der Charakterisierung von 
Verhaltensphänotypen bei Mäusen mit Neurotrypsin-Defizienz. In Experimenten mit der 
Morris water-maze (Morris Wasser-Labyrinth) zeigten Neurotrypsin-defiziente Mäuse 
eine erhöhte Fähigkeiten zur räumlichen Orientierung, welche sich am deutlichsten 
während der Phase des Umlernens (sog. „reversal learning phase“) abzeichnete, in 
welcher eine vorgängig gelernte Lösung einer Aufgabe nicht mehr funktioniert und durch 
das Erlernen einer neuen Lösung ersetzt werden muss. Basierend auf diesen Daten 
vermuten wir, dass die Interaktion zwischen Neurotrypsin und Agrin eine homöostatische 
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Rolle in Lern- und Gedächtnisprozessen spielen könnte. Ein Mangel an Neurotrypsin und 
das damit verbunden Fehlen von Agrin-22 verhindern die aktivitätsabhängige Bildung von 
Filopodien, was in der Folge zu einer weniger stark ausgeprägten Gedächtnisspur 
während der initialen Erfassungsphase (initial acquisition phase) führen könnte. Wir 
vermuten, dass das verbesserte Umlernen bei Neurotrypsin-Mangel deshalb zustande 
kommt, weil das Vorliegen einer schwächeren Gedächtnisspur aus der  initialen 
Erfassungsphase den Umlernprozess mit der damit verbundenen Neu-Etablierung einer 
unterschiedlichen Lösung der Aufgabe weniger stark verzögert.  
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1 INTRODUCTION 
1.1 Mental retardation 
 
Mental retardation (MR) is a significant impairment in cognitive functions with an In-
telligence Quotient (IQ) score under 70. It affects 1-3 % of the North American population 
(Organization 2010). MR is a complex multifactorial disability, often presenting unknown 
and ambiguous symptoms that make diagnosis difficult. MR is often accompanied by a 
number of deficits in adaptive behavior such as daily living skills, communication or social 
skills that have their onset already in childhood. For a comparison, according to scoring 
developed in 1916 by Lewis Terman, people with normal/average intelligence are charac-
terized by an IQ level of 90-109. Whereas, people with an IQ level above 110 are consi-
dered to possess superior intelligence. Terman’s tests to measure intellectual capacity 
were based on language, vocabulary, numeric reasoning, memory and analytical skills 
(Terman 1916). 
1.1.1 Classification 
According to the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) 
created by the American Psychiatry Association (Irwin et al) MR is classified into various 
developmental disabilities. Correct diagnosis has to meet three criteria: IQ below 70 
(scored using the Wechsler Intelligence Score for Children or for Adults), significant limita-
tions in adaptive behavior, and evidence that these limitations became apparent before 
the age of eighteen (Wines 2006). 
There are several methods to categorize MR. One of them is presence of additional disabil-
ities or lack of some basic abilities. According to this classification MR is characterized as 
non–syndromic (NSMR), which is the most common cognitive dysfunction, with no 
changes in brain morphology and no other clinical symptoms. In contrast, syndromic MR 
(SMR) is combined with other physical and/or behavioral changes. The most common 
classification, however, is based on IQ level. If the child shows problems with motor skills, 
language learning, or develops slower then their peer’s, then parents might suspect MR.   
In mild MR (50 > IQ < 70) symptoms might be recognized late and in many cases mitigated 
with appropriate therapy. Mild MR represents about 85% of all cases. People with this 
degree of MR can become self-sufficient and, even live independently. People with more 
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severe signs (moderate MR; IQ < 50) need intensive support and supervision during their 
entire life. They comprise about 10% of all cases. About 3-4% of the MR population is af-
fected by severe MR (SMR), where IQ oscillates between 20 and 40. They are able to de-
velop basic self-care and communication skills. A high percentage of all SMR cases are 
syndromic. The most severe type of MR is profound MR (PMR) that occurs only in 1-2% of 
all cases. Patients with PMR are able to develop only very basic self-care skills and need a 
high level of supervision. A high percentage of both SMR and PMR cases are syndromic 
(Niemeijer et al 2010). 
Another new and widely accepted diagnostic classification was established by the 
American Association on Mental Retardation (AAMR). It is based on the capabilities to self-
care. Each category describes a level of support required by a retarded patient. Support 
needed only occasionally is called intermittent and it is characteristic for mildly retarded 
individuals. Classification goes through limited and extensive support to the last level, per-
vasive support, which is associated with profound retardation (Pamela 2004). 
 
 
1.1.2 Environmental and genetic background 
There are many different causes of MR, including both biological and environmental, 
among them: 
 Prenatal illnesses and issues 
 Childhood illnesses and injuries 
 Other environmental factors 
 Genetics. 
One of the most common prenatal causes of MR is alcohol abuse by pregnant women 
known as fetal alcohol syndrome (Pittenger et al). The first cases were recorded in 1973; 
for comprehensive review see: (Jones 2003). Children show pre- and postnatal growth 
deficiency, developmental delay, motor dysfunction and facial dysmorphism. A positive 
correlation between alcohol abuse and Attention Deficit Hyperactivity Disorder (ADHD) 
was also found (Bradley H. Smith 2002). The presence of alcohol during neuronal devel-
opment severely affects a child’s CNS, often causing neural tube defects (Ornoy & Ergaz 
2010).  
Numerous studies have shown that accumulation of toxic substances during pregnan-
cy and in early life may affect N-methyl-D-aspartic acid (NMDAR) function resulting in 
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impairment in hippocampal long-term potentiation (LTP) (Nihei et al 2000; Toscano & 
Guilarte 2005). Pb2+ exposure during gestation and throughout the postnatal period may 
result in decreased neurogenesis in dentate gyrus (Stern M.). A reduction in the length of 
apical dendrites in the CA3 region was also observed (Verina et al 2007). Dendrites play 
an essential role in neuronal signaling. Therefore, any aberration in dendrites morphology 
may alter their function. Additional prenatal risk factors include maternal infection with 
rubella virus, cytomegalovirus, or toxoplasmosis (Stern M. 1969).  
After birth a child’s CNS is functional and almost completely developed, but still ex-
posed to environmental threats. During the early postnatal period, numerous factors can 
have a high impact on the proper formation of the neural circuit’s, influencing appropriate 
interaction between environmental stimuli and the genes responsible for cell differentia-
tion, amongst others. Animal studies show that early maternal isolation can affect the 
structure of CA1 pyramidal neurons associated with the physiology of the hippocampus 
formation. These changes result in a deficit of cognitive processes such as learning and 
memory (Bartesaghi et al 2003). Other postnatal risk factors are illnesses, i.e., chickenpox, 
Haemophilus influenzae type b (Otmakhov et al) or hyperthyroidism.  
Another common risk factor is early infection of the membrane covering the brain (me-
ningitis) causing swelling that, in turn, leads to brain damage and MR. Traumatic brain 
injuries caused by a blow or a violent shake to the head may also result in brain damage 
and MR in children. 
Genetic factors causing MR can be classified according to the location and size of the 
mutation (Fig. 1.1). The most frequent form of inherited MR is fragile X chromosome syn-
drome (FXS), characterized by changes in social behavior, anxiety, emotional problems, 
difficulties in keeping eye contact, and autistic–like behavior (Hall et al 2008; Hessl et al 
2009). FXS is caused by an expanded CGG trinucleotide repeat on the long arm of the X 
chromosome (Xq27.3). 
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Fig. 1.1 Overview of types of genetic causes of mental retardation 
Genetic causes can be divided into four main groups: chromosomal abnormalities, monogenic causes, polygen-
ic causes, and mitochondrial disorders. Adapted from (Winnepenninckx B. 2003). 
 
 
Methylation of the CpG island suppresses the Fragile X Mental Retardation 1 gene (FMR1), 
which significantly effects, or causes a complete absence of the fragile X MR protein 
(FMRP). Lack of FMRP significantly affects various pathways in the developing brain, lead-
ing to developmental delay (Schneider et al 2009). Human and mice studies demonstrated 
that abnormal morphological structure of dendritic spines and lack of its maturation in 
FXS subjects is directly correlated with cognitive impairment. Most FXS patients present 
with morphological changes in brain structures; namely reduced amygdale volume, small-
er cerebral vermis or enlarged caudate nucleus (Comery et al 1997).  
Recently, a number of studies have indicated an important role of serine proteases in 
the CNS (Molinari et al 2002; Scarisbrick et al 2002). Enzymes containing serine as one of 
the amino acids at the active site belong to the serine protease family. They seem to have 
an impact on neuronal development and are crucial in the adult brain as regulators of neu-
ronal survival and plasticity. For instance, plasminogen, after its activation by urokinase-
plasminogen activator(uPA) (Thompson & Krupa) and tissue type–plasminogen activator 
(tPA), becomes responsible for the remodeling of synaptic connections (Gingrich & 
Traynelis 2000). Another example is neuropsin, a serine protease expressed only in the 
amygdala and the pyramidal or magnocellular hippocampal neurons. Activity–dependent 
cleavage of the presynaptic cell adhesion molecule L1 by neuropsin is crucial for early 
phase LTP (Matsumoto-Miyai et al 2003). Recently, a 4 base pair (bp) deletion in exon 7 of 
PRSS12 gene coding trypsin-like serine protease, thus neurotrypsin (NT) was found re-
sponsible for non syndromic MR. This mutation causes a premature stop codon resulting 
in a truncated form of NT. The mutation was discovered in four children of an Algerian 
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family of whom the parents where first-degree cousins, this suggested an autosomal-
recessive pattern of heredity (Fig. 1.2) (Molinari et al 2002). 
 
 
 
 
Fig. 1.2 Mutational analysis of neurotrypsin  
Simplified pedigree and restriction analysis of the amplified neurotrypsin exon 7. The mutation abolished an 
Aat II site so that the amplified 370-bp fragment could not be cleaved into the 235-bp and 135-bp fragment. 
Modified from (Molinari et al 2002) 
 
The affected children develop severe MR, which starts to become evident by the child’s 
second year. We can assume that NT is crucial for adaptive synaptic function rather than 
synaptogenesis itself. These findings in conjunction with previous studies indicate a signif-
icant role of the serine protease family on the CNS.  
So, is there a good way to prevent MR? The answer is as complex as the disease. First 
of all, good prenatal care; mothers should be educated about risk factors. Test such as am-
niocentesis and ultrasonography can be performed during the prenatal period. After birth, 
newborn screening and regular pediatric check-ups are highly recommended. 
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1.2 Characteristics of the neurotrypsin/agrin interaction 
1.2.1 Neurotrypsin in the CNS 
Neurotrypsin (NT) belongs to the trypsin-like serine protease family. It is a 761 amino 
acids mosaic protein composed of proline-rich basic segment, followed by a kringle do-
main, three (in the case of mice), and four (in the case of human) scavenger receptor cyste-
in-rich (SRCR) repeats. The carboxy terminus of NT contains the serine protease domain 
(Fig. 1.3) (Gschwend et al 1997). 
 
 
 
Fig. 1.3 Schematic representation of the domain structure of neurotrypsin 
SP, putative signal peptide (aa 1-21); PB, proline-rich basic segment (aa 23-84); KR, kringle domain (aa 85-
157); SRCR1 through SRCR3, SRCR domains 1-3 (aa 166-267, aa 273-373, aa 386-487); ZA, segment with ho-
mology to zymogen activation region (aa 505-516); PROT, serine protease domain (aa 517-761); open bars 
mark the segments between the domains. These sequence data are available from EMBL/GenBank under Ac-
cession No. Y13192. Figure and text taken and modified from (Gschwend et al 1997). 
 
 
The specific structure of NT, with the presence of noncatalytic segments with a modular 
organization, suggests a regulatory function that is typical for several serine proteases. 
The expression of several extracellular serine proteases was located in the nervous system 
e.g. tPA and uPA and their function was correlated with developmental changes and neural 
plasticity. NT is not an exception. The Northern blot analysis of various mice tissues show 
strong expression in lung, brain and cerebral cortex, whereas a weak signal was detected 
in intestine and spleen tissue. No NT was found in the liver. Further detailed studies using 
non radioactive in situ hybridization presented strong NT expression in most of the major 
parts of the CNS, except diencephalon and cerebellum (Gschwend et al 1997). The strong-
est NT signal can be observed starting from the E 12 to the postnatal P4 in the spinal cord 
and the peripheral nervous system, and around P4 in the hippocampus (Fig. 1.4) (Wolfer 
et al 2001). In the adult CNS, NT mRNA is expressed in neurons in the cerebral cortex, hip-
pocampus, amygdala, motor neurons of the brain stem, and the spinal cord.  
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Strong NT expression in the hippocampus and amygdale (Fig. 1.5) suggests its role in 
learning and memory formation processes. The recently presented family (described in 
section 1.1.3) with four severely retarded children who possessed the truncated form of 
NT confirms that lack of this protein in humans effects establishing and maintaining high-
er cognitive function (Molinari et al 2002).  
 
 
 
Fig. 1.4 Semiquantitative synopsis of the time course of neurotrypsin mRNA expression in neural and 
nonneural tissues during pre- and postnatal development 
Columns represent development stages. Rows represent cell populations, regions, or tissues. The shading 
pattern of each box indicates the average signal intensity, assigned to one of the four staining levels listed at 
the bottom left of the figure. Figure and text taken and modified from (Wolfer et al 2001). 
 
 
Further studies, using hippocampal cultured neurons expressing pH-sensitive NT 
(pHluorin) localized protein on the surface and in the internal vesicles of hippocampal 
synapses. Monitoring of the intra- and extracellular storage of NT in individual synapses 
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before, during, and after neuron depolarization showed that synaptic exocytosis and refill 
of the intracellular storage happens in an activity-dependent manner (Frischknecht et al 
2008). These results represent a local proteolytic function of NT after its synaptic release.  
 
 
Fig. 1.5 In situ hybridization of sections from different CNS 
regions of adult mice using DIG-labeled NT antisense cRNA 
(B) Labeling is seen in distinct layers throughout the neocortex 
(Te, temporal cortex; Oc, occipital cortex) with a more wide-
spread labeling in the transition zones between iso- and allocor-
tex (Ic, insular cortex; RS, retrospelnial cortex). In the allocortex, 
labeling is detected in the piriform cortex (Pir), with a strong 
labeling in the endopiriform nucleus (arrow), and in the hippo-
campus formation. (F) Coronal section of the hippocampus. Labe-
ling is detected in neurons of the subiculum (S), in pyramidal 
neurons of CA1 and CA3, and in granule neurons of the dentate 
gyrus (Stern M.). Bar, 300 µm. Figure and text taken and modified 
from (Gschwend et al 1997). 
 
 
Further studies performed in our lab using transgenic mice expressing a NT-pHluorin pro-
tein in neurons revealed that synaptic exocytosis of neurotrypsin requires presynaptic but 
not postsynaptic activation. Cell depolarization with extracellular potassium (K+) increase 
NT–pHluorin signals, the above signal was identified as a synaptic signal. This increase 
was abolished after inhibition of the P/Q- and N-type calcium channels with ω-agatoxin 
(ATX) and ω-conotoxin (CTX), respectively. Inhibition of postsynaptic AMPA and NMDA 
receptors with a combination of CNQX and MK-801 had no effect. These results confirmed 
our hypothesis that synaptic exocytosis of NT requires an active potential and activation of 
presynaptic terminals, but does not rely on postsynaptic glutamate receptors activation 
(Matsumoto-Miyai et al 2009). 
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1.2.2 Agrin as a substrate for neurotrypsin 
Agrin is a large heparin sulfate proteoglycan, 225 kDa extensive glycosylation increase 
the molecular mass of agrin to ~600 kDa (Fig. 1.6). Agrin is expressed in the central and 
peripheral nervous system as well as in the nonneuronal tissues. Agrin was discovered 
more then 20 years ago in the lab of McMahan. Since then, the function of agrin in the neu-
romuscular junction (NMJ) has been relatively well established. Observation of the extra-
cellular matrix in the NMJ, and changes of synapses after denervation has allowed agrin to 
be distinguished as a trophic factor. Further studies have indicated that agrin induces pre- 
and postsynaptic differentiation (Burden et al 1979; Sanes et al 1978).  
 
 
 
 
 
 
 
 
Fig. 1.6 Structural domains of agrin 
The signal sequence (SS) and amino (N)-terminal agrin domain (NtA) are presented in an agrin isoform that is 
localized to the neuromuscular junction (NMJ). These two regions are responsible for the release of agrin (SS) 
and the binding to the laminins in basal lamina (NtA). The alternatively spliced type II transmembrane seg-
ment (TM) of agrin anchors this isoform at place that are devoid of basal lamina such as the brain. The amino-
terminal half of agrin is highly glycosylated and this same region is also involved in binding to neural-cell ad-
hesion molecules (NCAM) and heparin-binding growth factor. The carboxy-terminal, 95-kDa part of agrin is 
fully active in AChR aggregation and contains binding sites for α-dystroglycan, heparin, some integrins and 
agrin receptor. Figure taken and modified from (Bezakova & Ruegg 2003) 
 
 
Initially agrin was considered only as a nerve-derived trophic factor responsible for 
assembly of the postsynaptic apparatus in vivo. Twenty years later, the main predictions of 
this hypothesis have been confirmed. Agrin-deficient mice die at birth, due to breathing 
failure, caused by lack of breathing muscle innervation (Gautam et al 1996). But agrin can 
not be considered only in terms of NMJ; the latest studies suggest a crucial role in forma-
tion and maintenance of the excitatory synapses in the brain (d'Houtaud et al 2009). To-
day we know that NtA-agrin is associated with basal lamina and is crucial for the devel-
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opment of the neuromuscular connection, whereas TM-agrin remains cell associated and 
plays a distinct role in the CNS (Burgess et al 2000). The selective expression of agrin in 
motor neurons in agrin-deficient mice revealed decreased numbers of excitatory synapses, 
that decreased in length and number of spines (Ksiazek et al 2007). Additional studies 
performed on cell cultures revealed the role of the transmembrane form of agrin (TM-
agrin) in the CNS. Overexpression of TM-agrin in rat hippocampal neurons induces the 
formation of filopodia-like protrusions on axons and dendrites, while TM-agrin inhibition 
with RNAi decreases the filopodia number (McCroskery et al 2006). Clustering of TM-
agrin by polyclonal anti-agrin antibodies induces the formation of numerous filopodia-like 
structures in cultured retinal ganglion cells (Annies et al 2006). The above results suggest, 
for the first time the role of transmembrane agrin in neurite outgrowth and synapse for-
mation. 
 
 
 
 
Fig. 1.7 Neurotrypsin cleaves agrin in vitro and in vivo  
(A) Western blot analysis of HeLa cells cotransfected with combinations of membrane-bound agrin (+), wild-
type NT (wt), inactive NT (S|A), and empty pcDNA3.1 (-). Supernatants (S) and cell lysates (CL) were analyzed 
with anti-agrin (R132 and G92) antibodies, directly against the C-terminus of agrin. (Top) Transfection of agrin 
alone resulted in a signal above 250kDa in cell lysate. Upon cotransfection with wild-type NT, full-length agrin 
was cleaved resulting in fragments running at 22, 90, and 110 kDa in supernatant. No cleavage was found after 
cotransfection with inactive NT. Bottom: Control for NT expression with G93 antibody. (B) Western blot analy-
sis of tissue from wild-type (wt) and NT-deficient (KO) mice. The 90 kDa agrin cleavage product was detected 
in brain, kidney, and lung of wild-type mice but was absent in neurotrypsin-deficient mice. Similar results 
were obtained from 22 kDa agrin fragment except for lung. Β-actin was used as a loading control. Figure and 
text taken from (Reif et al 2007). 
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Studies performed in our laboratory have proven that NT cleaves agrin in two con-
servative cleavage sites in vitro and in vivo. To test this hypothesis, HeLa cells were trans-
fected with rat agrin (x4y8) alone or in combination with wild-type (Reif et al 2007) or 
inactive form (S/A) of NT (Fig. 1.7A). Results clearly show that only cotransfection with 
both proteins released cleavage products of 110 kDa, 95 kDa, and 22 kDa size. The West-
ern blot analysis of the brain tissue (Fig. 1.7B) resulted in similar cleavage products in the 
case of wild-type mice, but no products in the case of NT-deficient mice (Reif et al 2007). 
These results indicated that agrin cleavage in vivo is strictly NT-dependent. So far agrin is 
the only known substrate for NT. Further morphological studies indicated proximal loca-
tion of both proteins. NT is localized to the presynaptic terminals, while agrin is localized 
to the extracellular space at/or in the vicinity of synapses (Fig. 1.8). Biochemical analysis 
showed that NT cleaves glycanated agrin exclusively and this cleavage takes place locally 
at the synapse (Stephan et al 2008).  
The developmental course of NT-dependent agrin cleavage showed the highest activity 
during the fetal and neonatal period, suggesting its involvement in the neuronal develop-
ment (Wolfer et al 2001). The lower activity in the adult brain can be correlated with re-
organization of the existing neural circuits during acquisition of new skills.  
 
 
Fig. 1.8 Subcellular localization of neurotrypsin and 
agrin in hippocampus and cerebral cortex of wild-type 
mice  
(A, B) Immuno-electron microscopy of the neuropil of the 
hippocampal CA1 area and the cerebral cortex localized NT 
in presynaptic terminals, close to presynaptic membranes 
lining the synaptic cleft. Silver-intensified gold particles 
reporting NT immunoreactivity were accumulated at vesicles 
close to the presynaptic membrane opposite tot the postsy-
naptic density (arrows). (C, D) Silver-intensified gold par-
ticles indicating agrin immunoreactivity were found at peri-
synaptic, as well as extrasynaptic locations in the neuropil of 
the hippocampal CA1 area and the cerebral cortex. (E) The 
basal lamina of blood vessels in the stratum radiatum in the 
CA1 area was strongly labeled with agrin-specific antibodies. 
The complete absence of gold particles in the adjacent tissue 
indicates a high specificity of the antibody. The arrow points to postsynaptic densities (A-D). Scale bars = 0.2 
µm. Figure taken from (Stephan et al 2008). 
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Recent studies indicated the C-terminal 22 kDa fragment of agrin as a regulator of pre-
synaptic excitability via inhibition of the α3 subunit of Na+/K+-ATPase. Agrin binding re-
sults in membrane depolarization and increased action potential in cultured neurons and 
acute slices. In early response to the agrin binding increase of cytoplasmic Ca2+ can be ob-
served. Ca2+ is released from intracellular stores or enters the postsynaptic terminal via 
voltage-gated calcium channels (VGCC) (Hilgenberg et al 2006). Ca2+ influx is essential for 
actin skeleton reconstruction; it activates phosphorylation of calmodulin-dependent pro-
tein kinase II (CaMKII) and other Ca2+ effectors.  
Latest studies in our laboratory concentrated on the neurotrypsin/agrin interaction con-
firmed previous results showing that agrin cleavage strictly depends on NT. Stimulation of 
the P10 mice hippocampi (described in Material and Methods, section 5.1.6) were used to 
monitor NT activity via agrin-90 (90 kDa) release. The agrin-90 fragment (Fig. 1.9A) was 
clearly visible in the case of wild-type mice and absent in the case of NT-deficient mice 
(Fig. 1.9B). Further tests show an increase of the agrin-90 signal after the chemical stimu-
lation is abolished if presynaptic activity was inhibited (Fig. 1.9E and F). These results 
indicate that presynaptic exocytosis of NT is crucial for agrin cleavage (Matsumoto-Miyai 
et al 2009). 
 
  
Fig. 1.9 Neuronal activity enhances agrin cleavage by neurotrypsin 
NT-dependent cleavage of agrin was studied on Western blots of whole hippocampi from P10 mice after sti-
mulation of neural activity by different protocols. (A) Schematic representation of agrin and its neurotrypsin-
dependent cleavage sites (arrows α and β). Cleavage of agrin at both sites generates a 22-kDa C-terminal frag-
ment (agrin-22) and a middle 90-kDa fragment (agrin-90). Partial cleavage at the α site only generates a 110-
kDa C-terminal fragment (agrin-110). Abbreviations: NtA, N-terminal agrin domain; TM, transmembrane seg-
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ment; FS, follistatin-like domain; LE, laminin EGF-like domain; S/T, serine/threonine-rich region; SEA, sperm 
protein, enterokinase and agrin domain; EG, epidermal growth factor domain; LG, laminin globular domain; y 
and z, mRNA splicing sites. (B) Western blots for agrin from non-stimulated (NS) and 4-aminopyridine-
stimulated (4AP) hippocampi from wild-type and NT-deficient mice using anti-agrin antibody R132. Due to 
differential glycanation, full-length agrin appears as a smear in the range of 200 to 600 kDa (arrow). Agrin-90 
is indicated by the arrowhead. β-actin loading controls are shown below. (C) Western blots of agrin in KCl, 
4AP, TEA-stimulated and non-stimulated hippocampi from P10 mice at various time points after onset of sti-
mulation. Arrowheads indicate agrin-90. β-actin loading controls are shown below. (D) Quantification of agrin-
90 levels of C. Levels of agrin-90 were normalized to β-actin. The average level before stimulation (0 min) was 
set to 1. The stimulation period is indicated by a black bar. Error bars indicate S.E.M.; *, p < 0.05; **, p < 0.01 vs 
non-stimulated controls by ANOVA with Tukey’s post hoc test (n = 3-8). (E, F) Neurotrypsin-dependent agrin 
cleavage requires activation of presynaptic Ca2+ channels. TEA was used to stimulate neurotrypsin-dependent 
agrin cleavage and the response to blockade of presynaptic P/Q- and N-type Ca2+ channels was studied by 
Western blotting of agrin-90 (E). No Stim: control hippocampi without stimulation. Presynaptic P/Q- and N-
type Ca2+ channels were blocked with ω-agatoxin IVA (ATX) and ω-conotoxin GVIA (CTX), respectively. (F) 
Quantification of agrin-90 levels in E. Relative levels of agrin-90 were normalized to β-actin. The average level 
found without stimulation was set to 1. Error bars indicate S.E.M.; *, p < 0.05; **, p < 0.01, ANOVA with Tukey’s 
post hoc test (n =4-9). Adapted from (Matsumoto-Miyai et al 2009). 
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1.3 Dendritic spines 
Spines are small protrusions from the dendritic shaft, which receive electrical input, 
typically from only one excitatory synapse (Fig. 1.10). Spines may be long or short struc-
tures with irregular, undulating shapes, ending with smaller or bigger heads facing differ-
ent directions. The variety of these structures can be observed in the context of total 
length: 0.2 µm (CA1) to 6.5 µm (CA3), neck diameter: 0.04–1 µm, and head volume (Harris 
& Kater 1994). 
 
Fig. 1.10 Important components of dendritic spines 
Spines are small membrane protrusions at synaptic junctions that use the excitatory neurotransmitter gluta-
mate, which is released from synaptic vesicles clustered in the presynaptic terminal. Across from these gluta-
mate release sites, AMPA and NMDA subtypes of glutamate receptors are clustered at the postsynaptic active 
zone within a dense matrix called the postsynaptic density (PSD, pink). Beyond the PSD lie subregions of spine 
membrane that contain G protein-coupled glutamate receptors (mGluR) and endocytic zones for recycling of 
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membrane proteins. Receptors, in turn, connect to scaffolding molecules, such as PSD-95, which recruit signal-
ing complexes. Actin filaments provide the main structural basis for spine shape. Via a network of protein 
interactions, actin filaments indirectly link up with the neurotransmitter receptors and other transmembrane 
proteins that regulate spine shape and development, including Eph receptors, cadherins, and neuroligins. 
Figure and text taken and modified from (Calabrese et al 2006). 
 
 
First light microscope techniques allowed Ramon Y Cajal to observe spine-like protru-
sions (Cajal 1893). These early studies allowed the formulation of theories based on which 
formatted connections between neurons persisted over the neurons lifetime. The Golgi-
staining method revealed this theory showing that protrusions can be formed and elimi-
nated depending on the presence or absence of input. On account of the electron micro-
scope’s identification of spines shapes, tracking its changes in response to neuronal activi-
ty became possible. Results from these studies for the first time suggested that changes in 
morphology may affect physiological properties of the spines (Arikkath 2009; Auffret et al 
2009). Most recently, 2-photon laser scanning microscopy was adapted for imagining of 
spines in vivo and now allows observation in the depth of living tissue. Currently, mor-
phology of spines and synapses seems to have no further secrets, but what remains un-
clear is their role in new synapse formation and reorganization of existing neural circuits. 
The typical excitatory synapse consists of a pre- and a postsynaptic side, with a cleft in 
between. Round synaptic vesicles filled with glutamate can be found in the presynaptic 
terminal, and closely packed neurotransmitters receptors are mounted in the postsynaptic 
membrane. This dense membrane-associated matrix is call postsynaptic density (PSD). 
Different types of channels and receptors, cytoskeleton elements and signal transmission 
systems can be located there. The asymmetric ultrastructure of the PSD is characteristic of 
excitatory synapses. In addition, nearly half of the CA1 hippocampal spines contain 
smooth endoplasmic reticulum (SER), which in big spines might transform into the so 
called spine apparatus.  
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1.3.1 Morphological classification of dendritic spines 
Dendritic spines are thin protrusions extending from the dendritic surface, which 
create functional connection with a presynaptic partner (Garner et al 2002) Detailed ob-
servation of spines was possible due to the reconstruction of serial sections from electron 
microscopy. Dendritic spines of the apical dendrites of the CA1 pyramidal neurons were 
characterized based on the relative size of head and neck and classified into three main 
categories: thin, mushroom and stubby (Fig. 1.11) (Peters & Kaiserman-Abramof 1970). 
Spines are called thin when their length is greater then the neck diameter (dn<<<L) and 
diameter of head and neck is similar (dn≤dh). In contrast, mushroom spines possess head 
with much greater diameter then diameter of the neck (dn<<<dh). In addition mushroom 
spines can be characterized by the presence of polyribosomes, enrichment in F-actin and 
perforated PSD (Nimchinsky et al 2002). When the diameter of the neck is similar to the 
total spine length it is called stubby (dn≈L) (Harris et al 1992). Some studies consider a 
branched type of spine, characteristic of the hippocampus CA1 region, as an additional 
category (Sorra et al 1998). These spines have multiple heads that originate from the same 
neck. Each head can create a connection with an axon, while some heads will stay without 
a presynaptic partner. 
 
Fig. 1.11 Morphological classification of dendritic spines  
Variability in spine shape and size. A three-dimensional recon-
struction of a hippocampal dendrite (gray) illustrating different 
pine shapes including thin (red), stubby (green), mushroom 
(blue), and branched (yellow). (A) An example of a thin shape 
(red). (B) An example of a stubby spine (green) with an equal 
head and neck diameter and an overall length that equals its 
width. (C) An example of a mushroom spine (blue) with a head 
diameter exceeding 0.6 microns and a narrow neck. (D) An ex-
ample of a branched spine (yellow) where both branches are thin 
spines. The middle figure shows a cartoon version of various 
spines categories. Scale bar =0.5 μm, and arrows indicating 
where the head and neck diameters were measured for each 
spine. Figures were taken and modified from (Bourne & Harris 
2008; Hering & Sheng 2001). 
 
 
 
 
Introduction 31 
As was mentioned previously, spines differ in size and morphological structure, which 
may indicate their distinct role-, or developmental stage. The size of spines seems to affect 
their functionality; the number of channels and receptors is closely correlated with the 
size of the head. Smaller spines are more vulnerable to LTP whereas larger spines show 
less plasticity. Repetitive glutamate releases can cause permanent effects on small spines 
and temporarily influence mushroom ones (Matsuzaki et al 2004). The ratio of head to 
neck diameter influences the dynamic of postsynaptic Ca2+ and the influx mediated by 
NMDA receptors activity (Noguchi et al 2005). The spine head might be considered as a 
barrier to Ca2+ exchange between the spine and dendrite and may play an important role 
in downstream signaling and regulatory mechanisms. 
Filopodia are classified as thin, long, headless structures, extending more then twice the 
length of the average spine (L:dn > 3:1) (Grutzendler et al 2002; Skoff & Hamburger 1974). 
In contrast to other spines, filopodia are highly mobile and instable structures. They con-
stantly seek new presynaptic partners in the neuropil to form stable functional connec-
tions. Filopodia which do not find an appropriate axonal partner will be retracted. Some of 
them will create a connection, only a small percentage of them will be selectively stabi-
lized (Lohmann & Bonhoeffer 2008; Xu et al 2009; Yang et al 2009).  
 
 
1.3.2 Dendritic spines and mental retardation 
Numerous clinical studies confirmed an association between morphological changes in 
spines, a shift in their numbers and maturation with mental disorders (Bartesaghi et al 
2003; Verina et al 2007). The first studies showing a correlation between MR and changes 
in dendrite morphology were published in 1974 by M. Marin-Padil and D. Purpura 
(Purpura 1974). Unfortunately after 40 years of research results are still inconsistent. 
Most of the studies focused on pyramidal neurons in the cerebral cortex. There are two 
main streams; one showing abnormally small and immature spines, mostly as a result of 
genetic defects in scaffolding and adhesion molecules of PSD. The second is correlated 
with Down’s syndrome and Fragile-X syndrome with abnormally long and thin spines in 
different parts of the brain (Irwin et al 2001). The above phenotypes were exacerbated 
during young age in humans and in animal models. A significant difference in the mor-
phology coincided with a critical period, mentioned in section 1.1, in synaptogenesis. The 
physiological basis for most of those dendritic changes remains unexplained, but appears 
to be in close correlation with dendritic development. Dendritic development consists of 
two phases: exploration and consolidation, each depending on different proteins. 
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Dendritic abnormalities in genetic disorders associated with MR were also observed in 
cases of: Neurofibromatosis-1, Patau syndrome, Tuberous sclerosis, Williams’s syndrome, 
Phenylketonuria and, Rubinstein-Tybi syndrome. 
 
 
1.3.3 Brain plasticity 
The term plasticity refers to the brain’s ability to learn, remember, forget and adapt to 
environmental stimuli by constant molecular and structural changes (Johnston 2004). 
High plasticity is a property of a child’s brain that enables children to learn faster than 
adults, react to multiple stimuli from their environment, and adapt to changing situations 
(Johnston et al 2001). Mechanisms responsible for this enhanced plasticity include in-
creased neurogenesis in some parts of the brain (Toni et al 2007), removal of neurons and 
synapses through the process of apoptosis and continuous reconstruction of neural cir-
cuits (De Paola et al 2006). At the age of two years children have twice as many synapses 
in their cerebral cortex than adults (Molinari et al 2002). Most of them, in the response to 
glutamate, are removed or replaced in activity–dependent manner (Johnston 2004). How-
ever, high plasticity may also lead to dangerous consequences, i.e. a high sensitivity to any 
unwanted changes that might occur during brain development. These undesirable changes 
are often irreversible and can affect quality of life. This crucial time window in a child’s 
brain development, characterized by its high plasticity, is called the ‘critical period’. This 
period of time displays high sensitivity to certain environmental stimuli. Lack of appropri-
ate stimulus during ‘critical period’ may disturb proper functioning later in life (Siegler & 
Svetina 2006).  
Brain plasticity is a heterogeneous phenomenon, which consists of structural and func-
tional changes. Differences between them have been discussed in several studies (Butz et 
al 2009; Weiss et al 2004). Structural plasticity includes morphological changes in syn-
apses, synaptic wiring arising from synapse deletion (Wolff & Missler 1992) or new syn-
apse formation (Knott et al 2006). In contrast, functional plasticity covers changes in syn-
aptic strength, not affected by anatomical connectivity between neurons. Functional MRI 
study on stroke patients revealed evidences of co-localization of structural and functional 
plasticity (Schaechter et al 2006).  
On the basis of numerous studies, a close correlation between synaptogenesis (Fig. 
1.12) and dendritic filopodia formation was proposed, presenting dendritic protrusions, as 
structures responsible for facilitation of axo-dendritic contact (Knott et al 2006; Maletic-
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Savatic et al 1999; Ziv & Smith 1996). The newly formed filopodia are considered as the 
immature form of synapses, they do not possess the necessary postsynaptic machinery for 
proper functioning as spines. In a situation when the brain receives a large amount of new 
stimuli from the environment, and the learning and storing of new information is en-
hanced the number of filopodia rapidly decrease and the number of stable spines increase. 
Observation of rat organotypic slices revealed developmental regulation of spine elimina-
tion. In the first three months of life, the rate of spine elimination exceeds the rate of for-
mation (Knott et al 2006). In comparison, various examinations of long-term changes, us-
ing two-photon microscopy, in young animals detected significant decrease in the ratio of 
filopodia to spines (Grutzendler et al 2002). This suggested that previously created filopo-
dia were eliminated or transformed into stable spines. Observation of cultured neurons 
has proven that dendritic spines are formed by stabilization of motile dendritic filopodia 
(Ziv & Smith 1996). In adult mice this process is not as common as we would expect. Only 
0.2% of filopodia are transformed into mushroom spines (Majewska et al 2006), and only 
3% of newly formed spines survive one month (Holtmaat et al 2005). However, if a spine 
persists for at least 4 days, then it always forms a functional synapse with a fully devel-
oped postsynaptic density (Knott et al 2006). Process of filopodia formation and its transi-
tion in to synapses may be an important contribution to neuronal plasticity by establish-
ment of novel synaptic microcircuits. 
 
 
Fig. 1.12 Two models of synapse 
formation by spine growth 
a. A new spine (green) can grow 
towards an axon (Johnston et al) 
to make a synapse, resulting in a 
single-synapse bouton. 
b. A new spine often grow to-
wards existing boutons, occupied 
by another spine (grey), resulting in multi-synapse boutons. The multi-synapse state could be transient. Spine 
maturation involves an increase in spine volume, synapse (red) formation, and later acquisition of SER (yel-
low). Taken from (Knott et al 2006). 
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1.3.3.1 Synaptic plasticity 
Studies presented in the above chapter presented evidence confirming existence of 
structural changes based on dendritic spines interactions with axonal partners. These 
changes underlie processes of learning and memory. Also molecular mechanisms that un-
derlie these changes are worth of mentioning.  
Long-term potentiation (LTP) can be described as increase in synaptic strength, which 
takes place after high-frequency stimulation. In other words LTP is a long-lasting en-
hancement in signal transmission between two connected neurons (Cooke & Bliss 2006). 
In early phase of the LTP induction activation of N-methyl D-aspartate receptors (NMDA) 
is required (Lynch 2004; Malenka & Nicoll 1999). This leads to the Ca2+ influx through the 
NMDA receptors and voltage dependent calcium channels (VDCC). Studies performed in 
the cultured neurons showed that addition of glutamate receptors inhibitors (Collingridge 
GL 1983) or Ca2+ chelator (Malenka et al 1992) inhibited induction of the LTP. Further 
studies indicated necessity of protein kinases activation, especially calcium/calmodulin-
dependent protein kinase II (CaMKII) (Malenka et al 1989; Malinow et al 1989) and pro-
tein kinase C (PKC) (Malinow et al 1989). Expression of the LTP mainly depends on auto-
phosphorylation of the CaMKII (Blitzer et al 1995; Giese et al 1998). This way activated 
CaMKII plays role in the trafficking of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid receptors and (AMPA) its insertion into the postsynaptic membrane (Ju et al 2004; 
Malenka & Bear 2004). Increased number of AMPA receptors increases postsynaptic re-
sponse to the presynaptic activation. The next step of the so called long-lasting stage of 
LTP requires synthesis of new proteins and activation of gen transcription in the postsy-
naptic cell (Lynch 2004; Pittenger & Kandel 2003). Many proteins of downstream path-
way, such like: protein kinase A (PKA), CaMKIV, mitogen-activated protein kinase (MAPK) 
and cAMP response element binding protein (CREB) will translate neuronal activity to 
direct gene transcription in nucleus (Lynch 2004; Pittenger & Kandel 2003).  
Spines that received stimulation to induce LTP increase in volume and amount of AM-
PA and NMDA receptors. LTP can affect spine shape promoting its maturation and stabili-
zation (Matsuzaki et al 2004; Yuste & Bonhoeffer 2001). In contrast, induction of the long-
term depression (LTD) is linked with reduced spine head diameter (Zhou et al 2004) and 
weakening of synapses and spines (Nagerl et al 2004) (Fig.1.13).  
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Fig. 1.13 Changes in actin polymeri-
zation and spine morphology with 
LTP and LTD 
(a) LTP is associated with a shift of 
actin equilibrium toward F-actin (F-
actin is depicted as linear chains of 
monomeric G-actin [single circle]) in 
spines, enlargement of the spine head, 
and recruitment of more AMPA recep-
tors to the postsynaptic membrane. 
Profilin promotes actin filament as-
sembly by increasing the availability of actin-ATP for polymerization. The Arp2/3 complex stimulates nuclea-
tion of new actin filaments and formation of branches. (b) In contrast, LTD stimulation shifts the equilibrium 
toward actin depolarization, resulting in shrinkage or loss of spines. The actin severing protein ADF/cofilin 
might be involved in spine shrinkage. Figure and text taken and modified from (Tada & Sheng 2006). 
 
 
These quick dynamic changes are possible owing to the actin cytoskeleton. Actin can be 
found in living cells in two states, as monomeric actin (G-actin/globular actin) and as fila-
mentous actin (F-actin). G-actin has the capability to polymerize into F-actin under physio-
logically salty conditions. This form of actin is a predominant molecule in dendritic spines 
and creates a skeleton for dendritic structures. The rate of G-actin to F-actin transforma-
tion in dendritic spines is regulated in an activity-dependent manner (Okamoto et al 
2004), however it might be affected by many molecular mechanisms. The structure of F-
actin can be disturbed by GTPases family (Rho, Rac1), which hydrolyze guanosine triphos-
phate (GTP) modifying actin binding proteins (ABP), resulting in changed morphology. A 
crucial ABP in neurons is drebrin, encoded by the DBN1 gene (Fig.1.14). It consists of two 
isoforms, drebrin E that is enriched in the developing brain and drebrin A that is present 
in the adult brain. These two distinct forms of protein are generated by alternative splicing 
(Kojima et al 1993). The role of drebrin is to form complexes with actin (DBF-actin) in 
more mature so called cluster filopodia. In the next stage, drebrin A evokes accumulation 
of F-actin and PSD-95, the protein responsible for clustering receptors and channels in 
postsynaptic sites. Accumulation of proteins alone is not sufficient to induce full matura-
tion, and other factors, such as synaptic activity are probably required (Takahashi et al 
2003). Overexpression of drebrin A in cultured neurons causes formation of abnormal 
large protrusions. The lack of head in this structure and absence of MAP2 signal suggests 
filopodia-like origins (Mizui et al 2005). 
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Fig.1.14 Ultrastructure of formation an 
asymmetric synapse/spine  
Upper left panel shows a representa-
tive electron microscopic image of an 
asymmetric synapse immunostained with 
the anti-drebrin antibody. The right panel 
is a schematic of an asymmetric synapse. 
The presynaptic terminal is filed with a 
number of synaptic vesicles and occasio-
nally with mitochondria. The dendritic 
spine is composed of an actin cytoskeleton 
with actin-binding proteins and a PSD 
structure containing transmitter recep-
tors. Lower panel; during synaptogenesis, 
dendrites are bristled with many diffuse-
type filopodia in which drebrin is diffusely 
distributed. After an axon terminal establishes contact with filopodia, drebrin clusters with F-actin at a postsy-
naptic site and forms cluster-type filopodia. PSD-95 cluster formation follows drebrin-actin cluster formation. 
The drebrin-actin complex tethers the postsynaptic machinery and is crucial for the maturation of dendritic 
spines. Figure and text taken and modified from (Sekino et al 2007). 
 
 
The capacity for rapid structural changes and continuous spines remodeling is consi-
dered as a possible structural basis for learning and memory. In "The Organization of Be-
haviour" (1949) Hebb formulated a rule describing basic mechanisms for synaptic plastici-
ty. According to Hebbian rule, if two cells or systems are active at the same time, then they 
will tend to associate the way that an activity of one facilitates the activity of the other. 
Thus, Hebb created the basis of the neural network theory. His concept is often paraph-
rased as: "Neurons that fire together wire together". This links morphological changes 
with increased synaptic efficacy, like LTP.  
Recent studies of motor learning in mice using single seed reaching (Xu et al 2009), and 
the accelerating rotating rod (Yang et al 2009) demonstrated that extended learning pro-
motes formation and elimination of spines, i.e., remodeling of pre-existing neuronal con-
nections. Both studies showed that by the end of the first two days of training, the number 
of spines, in the brain region responsible for limb movement, doubled when compared 
with untrained mice. After consolidation of newly learned abilities, the initial level of spine 
number returns. In addition, a significantly wider range of reorganization was observed in 
young animals as a consequence of higher plasticity of the brain. With regard to this ob-
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servation, the total pool of spines in the cerebral cortex could be divided into two popula-
tions, those created during early postnatal development, persisting throughout adulthood, 
and those newly formed after induction by novel environmental stimuli. At the lattes, ap-
proximately ~60-70% will remain throughout entire life, creating lifelong memories (Yang 
et al 2009).  
 
 
 
1.4 Memory 
From a physiological perspective, memory is an organism's ability to format, store, and 
recall information and experiences according to its needs. The entire process can be di-
vided into three stages: encoding, storage, and retrieval. Worth mentioning is the fact that 
forgetting information occurs as frequently as memorizing them. Amnesia can be caused 
by many factors, such as chronic alcoholism (Ling et al 2010), brain tumor (Pyter et al 
2010), stroke (Zierath et al 2010), or head injury (Reeves & Panguluri 2011). Loss of 
memory can present itself in two different ways. The first is called retrograde amnesia and 
is characterized by the loss of memory concerning events before the trauma and the abili-
ty to format new memories. The second is called anterograde amnesia characterized as an 
inability to format new memories, whereas those that existed before appear to be intact. 
In exceptional cases both types of amnesia can occur in the same patient and be correlated 
with damage to the brain region responsible for episodic memory (M.F. Bear 2007). The 
concept of memory covers a wide range of phenomena and is hard to define, yet there was 
a change in the perception of memory at the beginning of the 19th century. The introduc-
tion of the term engram/memory trace theory resulted in the "location" of different forms 
of memory in distinct parts of the brain. In 1824 Marie-Jean-Pierre Flourens introduced 
ablation experiments based on the lesion of one brain region and observation of the 
changes of the animal’s memory function. His early studies revealed the importance of 
semicircular canals in the maintenance of posture and balance. Those results indicated 
that specific parts of the brain control specific functions (M.L.P. 1830). 
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1.4.1 Classification 
Extensive studies allowed to characterization of different types of memory (Hawkins 
1897; Izquierdo et al 1998; Wood et al 2000) (Fig. 1.15). The memory of facts and events 
is called declarative memory; it can be created very quickly and can occur even after a sin-
gle event. Medial temporal lobe and diencephalon are the brain regions involved in the 
formation of declarative memories. This kind of memory is often referred to as explicit 
memory because it results from conscious effort. Nondeclarative memory often called im-
plicit memory can be divided in to three categories: emotional response, skeletal muscula-
ture, and procedural memory. Formation of procedural memory is a slow process that 
often requires many repetitions over days, months or even years. Typical forms of proce-
dural memory are the capacity of reading, or playing piano. This type of memory enables 
us to carry out commonly learned tasks without consciously thinking about them (M.F. 
Bear 2007).  
 
 
Fig. 1.15 Memory classifications by information type and time 
Upper part of the graph (violet box) represents memory classification by information type. Lower section 
(green box) illustrates memory classification according to duration. Based on the 24th chapter of "Neuros-
cience Exploring the Brain" (M.F. Bear 2007). 
 
 
Another characterization can be made based on the time required to create a memory. 
At the beginning of the process, the first 200-500 milliseconds, we are dealing with sensory 
memory, which involves the temporary form of information storage. This type of memory 
can not be prolonged with rehearsal. Memories that last on the order of seconds to hours 
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and are vulnerable to disruption are called short-term memory; their capacity is very li-
mited. Multiple studies concerning head trauma led to the hypothesis that newly formed 
memories are stored in short-term mode and can be selectively converted into a perma-
nent form of long-term memory via memory consolidation. Consolidation is a process of 
stabilizing the memory trace after its initial acquisition (M.F. Bear 2007). Results of an 
active avoidance test indicated the existence of early and late activation phases during 
long-term memory consolidation. The early phase includes activation of CaMKII, NMDA, 
AMPA and glutamate receptors. During the late phase the activation of protein kinase A 
(PKA) and extracellular regulated kinase was reported (Izquierdo et al 2006). Short-term 
memory is considered as a transient type of memory supported by the frontal lobe, espe-
cially the prefrontal cortex, and the parietal lobe. In contrast, long-term memory is main-
tained by more stable changes in neural connections. For many years it was believed that 
only the hippocampus was the essential brain structure. However, studies on memory 
consolidation revealed that the process of procedural memory consolidation depended on 
various factors such as: post-training intervals (Hauptmann & Karni 2002), sleep 
(Diekelmann & Born 2010; Diekelmann et al 2009), circadian rhythms, and subject aware-
ness. Most importantly those processes do not depend only on the hippocampus, but also 
on the striatum (Albouy et al 2008). Functional magnetic resonance imaging (fMRI) during 
performance of the oculomotor sequence learning task clearly proved that both structures 
interact during consolidation of the motor task.  
 
1.4.2 Multiple memory systems 
Years of studies on memory organization led to the conclusion that memory is not uni-
form. Different brain systems are responsible for various types of memory and learning. In 
1957, Scoville and Milner worked with H.M., a patient with surgical ablation of the medial 
temporal lobe, who presented amnesia for all events following the surgery and intact 
memory for events that took place before the surgery. H.M. was subjected to resection of 
the hippocampus and adjacent structures, most of the amygdala, and the entorhinal cortex 
to treat otherwise not controllable epileptic seizures. The case of H.M. gave direct evidence 
for the existence of the interactive memory systems theory (IMST) in the mammalian 
brain (Scoville & Milner 1957). Further studies showed that, depending on the circums-
tances, systems can interact with each other in a cooperative or competitive way 
(McDonald & White 1993; Packard et al 1989; Packard & McGaugh 1996). The concept of 
multiple memory systems (MMS) was first recognized by the existence of a dual memory 
system, with the hippocampus as a central structure and other brain areas mediating dif-
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ferent, non-hippocampal learning (O'Keefe 1978). These findings appeared as a result of 
many double irreversible and reversible dissociation studies (Gaffan 1994; Thompson & 
Krupa 1994). A perfect example of this kind of dissociation is a study on fornix or caudate 
nucleus bilateral lesion and its effect during a radial maze task. Rats with lesion of the 
caudate nucleus were impaired in the acquisition of the win-stay task, whereas fimbria-
fornix lesions facilitated performance. In contrast, caudate nucleus lesioned rats showed 
no disturbance in the performance of win-shift tasks, where fimbria-fornix lesions affected 
the task resulting in poor performance (Packard et al 1989). Most notable was that both of 
the two systems are able to provide solutions for the one task. A similar situation can be 
observed during the plus maze task where hippocampus and dorsal striatum can compete 
with each another during the same learning situation. In this case the early learning phase 
is mediated by the hippocampus, but this change with extended training. “Place learners” 
(spatial location/hippocampus) become “response learners” (reinforced re-
sponse/striatum). Inactivation of the caudate nucleus with lidocaine prevents expression 
of the response learning and revealed the existence of place learning. These results indi-
cate that existence of two memory systems that can provide a solution to the same task 
independently and cooperate when necessary (Packard & McGaugh 1996). 
 
 
Fig.1.17 Three „central structures" of multiple 
parallel memory systems 
The mammalian brain consists of at least three learn-
ing and memory systems with a hippocampus, stria-
tum and amygdale as the three main structures con-
nected with each other. Figure created based on 
(McDonald et al 2004). 
 
 
 
With time it became clear that the MMS is a more complicated structure consisting of 
diverse interactions. Triple dissociation experiments indicated the existence of at least 
three main brain structures responsible for different types of learning and memory: hip-
pocampus, amygdala, and striatum (Fig.1.17). Hippocampus is thought to be responsible 
for formation of episodic and spatial memory (Sutherland 1988), where amygdale is be-
lieved to format and store emotional memories (Bagshaw & Benzies 1968). 
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The amygdala plays an important role in tasks requiring association of the neutral stimuli 
with the unconditioned one. The stimulus-response learning, habit formation and memory 
processing depend on the dorsal striatum (Packard et al 1989). Lesions to the dorsal stria-
tum affects motor response in tasks that require reinforcement in the presence of a single 
cue (Hannon & Bader 1974). Robert J. MacDonald et al. applied three simple behavioral 
tasks using the radial maze; (win-shift, conditioned cue preference (CCP), and win-stay) to 
demonstrate the existence of three independent memory systems. Their results indicated 
the importance of the hippocampus in the win-shift task, which requires association of 
extra-maze stimuli with each arm of the maze to avoid re-entrance to the same arm. The 
amygdala and dorsal striatum are not necessary to the correctness of this performance. In 
contrast, CCP depends only on the amygdala because it requires sensory cue association 
with the reward. Lesions to the hippocampus or dorsal striatum do not affect acquisition 
of this task. In the case of the win-stay task, two interesting results can be observed: The 
first concerns rats with lesion of the dorsal striatum, who clearly present severe impair-
ment in the acquisition of this task, due to the disturbance in stimulus-response associa-
tion. The second result concerns hippocampus lesion rats, which show enhancement in 
win-stay performance, probably due to the interference between those two systems. This 
result might serve as a proof of the competitive nature of the interaction between the hip-
pocampal and striatal systems (McDonald & White 1993).  
These results indicate the existence of three independent memory systems, which are ac-
tivated depending on the demands of the task that should be performed. The hippocampus 
is important for tasks requiring information about the association between stimuli. The 
amygdala is responsible for the association between stimuli and reward, and the dorsal 
striatum is important for tasks requiring reinforced stimulus-response association. 
 Many recent studies on the MMS suggested that disturbance in function or connec-
tivity between these main structures lies at the base of various psychiatric disorders like; 
schizophrenia (Hanlon & Sutherland 2000), anxiety (Hariri et al 2002) and depression 
(Sheline et al 2003). This is quite a new theory which assumes that any change, in one 
brain structure will alter interactions between different memory/behavioral systems and 
result in the manifestation of psychiatric disorder symptoms. 
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1.5 Learning 
The phenomenon of learning has fascinated people since antiquity. Many theories that 
arose during that time are still widely used. One of first examples of the debate on learning 
is the conflict between Aristotle’s empiricism and Plato’s nativism. According to Plato eve-
rything what we know is inborn and, therefore, learning is just recalling of knowledge that 
is already inside of every human. Aristotle, however, claimed that our knowledge is ac-
quired over a life time of experiences (Powell 2009).  
A major breakthrough in learning theories and the beginning of behaviorism was the 
mind-body dualism theory described by Rene Descartes in “Description of the Human 
Body” 1647 and “Passions of the Soul” 1649. He claimed that our bodies function like ma-
chines and are able to produce involuntary reflexes in response to environmental stimuli. 
On the other hand, he was very emphatic about the fact that we have a mind with a free 
will, which produces behavior according to our wishes. He suggested that observation of 
animal behavior might be the source of many answers on reflexes in human behavior 
(Powell 2009). 
 
1.5.1 Animal behavioral studies 
In our behavioral studies we concentrated on the procedural form of learning, espe-
cially on the associative part. Procedural learning is based on simple reflex pathways for-
mation. It involves acquisition of a motor response as a reaction to the sensory input. Two 
main categories can be distinguished in procedural learning. Less significant to our pur-
poses is non-associative learning, described as a change in behavior that occurs with time 
in response to a single stimulus. In this category, there are two types of learning: habitua-
tion and sensitization (Fig. 1.19). Habituation can be characterized as learning to ignore a 
stimulus that does not carry any meaning, and sensitization is characterized as the intensi-
fication of the stimuli that previously did not evoke any reaction.  
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Fig. 1.19 Categories of procedural learning 
Created according to chapter 24 of "Neuroscience Exploring the Brain" (M.F. Bear 2007). 
 
 
1.5.1.1 Classical conditioning 
Classical conditioning is a process in which one stimulus that does not elicit a response, 
(neutral stimulus (NS), is associated with another type of stimulus that does elicit a re-
sponse, unconditioned stimulus (US). As a result of this association (Fig. 1.20) the NS be-
comes a conditioned stimulus (CS) and starts to elicit a conditioned response (CR) (Pavlov 
1960) (Fig. 1.20).  
If we look deeper into the processes underlying classical conditioning, its complex pheno-
menon can be presented as a stimulus-response (S-R) model. According to this concept the 
NS becomes directly associated with the unconditioned response (UR) and as a result of 
this association it elicits the same response as the US. This model was extensively studied 
using the shuttle-box avoidance test, which elicits a conditioned emotional response. In 
this case a tone/NS was associated with foot shock/US, which resulted in autonomic 
arousal/CR. This allowed investigation of the physiological structures and sensory path-
ways of the S-R model (Weinberger 1965). Further studies on rabbits and Aplysia indi-
cated the role of the hippocampus, with increased neuronal activity and Ca2+ influx as cel-
lular mechanisms of classical conditioning (Berger et al 1976; Hawkins et al 1983).  
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Fig. 1.20 Pavlovian conditioning 
Phases of classical conditioning can be described in four main stages. Before conditioning two different stimu-
li: unconditioned and neutral are presented separately. During the conditioning process both stimuli are pre-
sented together, until an association is created. After conditioning, presentation of the stimulus that was pre-
viously neutral now becomes CS, due to the association, and now elicits CR. Created according to the 3rd chap-
ter of “Introduction to Learning and Behavior” (Powell 2009). 
 
 
In my studies I used a fear conditioning paradigm as an example of classical condition-
ing. During fear conditioning mice learn to predict aversive events. In this paradigm, an 
electric shock is associated with a neutral stimulus/tone. Repetitive pairing of two stimuli 
results in expression of the fear response to the neutral stimulus and context. 
During his experiments, Pavlov noticed that when he repetitively presented a non-
reinforced CS it resulted in learning inhibition that suppressed or replaced the previously 
acquired association between the CS and US. Today we know that extinction does not 
erase the original learning but, rather, creates a new one. Many studies on extinction have 
shown that the extinguished response can recover after a time laps (Robbins 1990) 
(Devenport et al 1997). There is direct evidence that old memory traces were not de-
stroyed. Similar conclusions can be drawn from rapid reacquisition; presentation of new 
CS-US after extinction causes rapid reacquisition of the old pairing (Napier et al 1992). 
Until the beginning of the 21st century, classical conditioning was used for better un-
derstanding and developing treatment of human phobias and drug addiction (Powell 
2009). It was also suggested that it can be used to investigate allergy induction (Ader & 
Cohen 1975; Russell et al 1984).  
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1.5.1.2 Operant conditioning  
Operant conditioning is the type of behavior that is influenced in a positive or negative 
way by its consequence. This learning paradigm is often called instrumental conditioning 
because the response is instrumental in producing the consequence. The father of operant 
conditioning is Edwin L. Thorndike (1874-1949) who was the first to study animal’s learn-
ing abilities. Based on experiments carried out on cats he was able to formulate the “Law 
of Effect” (Powell 2009). According to the “Law of Effect”, behaviors that lead to satisfac-
tion are strengthened, whereas those connected with dissatisfaction will become weaker 
with time (Thorndike 1927; 1933).  
While the early studies of Thorndike can be considered as a basis for operant conditioning, 
B.F. Skinner was the one who fully realized the implication of this principle during his rat 
studies (Fig. 1.21). He designed the apparatus called the operant conditioning chamber, or 
“Skinner box”, in which rats are able to earn food pellets by pressing a lever (Powell 
2009). In contrast to Thorndike, he did not consider the strengthening or weakening of an 
animal’s interest in a performance to be the result of its thinking or feelings, but rather as 
an effect of the consequences on the future probability of the same behavior (Skinner 
1935).  
 
Fig. 1.21 Operant conditioning  
During operant conditioning, the lever press de-
scribed as a response (R) is reinforced by food 
pellet delivery. Pellets serve as a reinforcing stimu-
lus. Two main types of consequences can be speci-
fied in operant conditioning: reinforces and punish-
ers. They can be further divided in to two sub-
groups: negative and positive. As a result of this 
division we have four basic types of contingencies 
(response-consequence relationships): negative 
reinforcement, positive reinforcement, negative 
punisher, and positive punisher. Created according 
to (Powell 2009). 
 
 
In contrast to classical conditioning, where performance can be presented as an S-R 
model, since response is elicited by stimuli, operant conditioning represents an action-
outcome (A-O) model, at least in its early stage, since organisms are able to encode the spe-
cific consequences of their action (Dickinson & Balleine 1994). Detailed studies indicated 
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the role of the hippocampus and dorsomedial striatum (DMS) in instrumental condition-
ing. A lesion of the dorsal hippocampus does not affect acquisition of the instrumental 
response, but influences behavior when the A-O contingency is degraded. After extinction, 
test rats with lesions to the hippocampus show lever pressing frequency comparable to 
those before extinction. In the case of sham animals, frequency significantly decreased 
(Corbit & Balleine 2000). The role of DMS in the acquisition and expression of A-O associa-
tion in operant conditioning was confirmed both in rats and humans (Yin et al 2005) 
(O'Doherty et al 2004). 
In my studies, as an example of instrumental conditioning, I performed an extended ver-
sion of the Morris water-maze, where finding the platform hidden under the water was the 
positive reinforcement. The second example of the operant conditioning was a T-maze 
test, where a correct turn was rewarded with a sugar pellet. 
 
1.5.2 Motor learning 
Motor learning is a process based on constant improvement of motor skills. It consists 
of the acquisition of new skills and enhancement of those already acquired (Newell 1991). 
One of the first motor learning theories established by J.A. Adams and R.A. Schmidt con-
centrated on the idea of how movements are produced and modified as a result of practice 
and experience (Adams 1971; Schmidt 1976). According to Adams, motor learning con-
sists of a two-stage process. The first is represented with a memory trace to select and 
initiate a movement, and the second perceptual trace describes the correctness an image 
of the movement. Schmidt's theory introduced the concept of the schema as a contribution 
of recall and recognition to the movement output (Newell 1991). 
According to modern thinking, motor skills learning can be divided into three main 
stages: 
  cognitive: during which, cognitive activity is required to determinate appropriate 
strategy and performance is improved in a short amount of time 
 associative: follows the cognitive phase where the task performance has been de-
termined, now enhancement of the task to increase effectiveness is introduced, 
during this phase further performance improve over long period of time 
 autonomous: the last motor skills learning phase which can last several months 
even years, the task is performed automatically (habit) (Donald 1999).  
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The modern notion of motor learning relates to human’s/animal’s ability to acquire 
new skills through practice and repetitive performance of many single sequences. Studies 
on implicit motor sequence learning indicate role of the hippocampus (Gheysen et al 
2010), parietal, temporal and frontal cortical brain areas, cerebellum (Glickstein 1992), 
and striatum (Pisani et al 2005). Human studies using serial reaction time (SRT) based on 
the visuospatial stimulus mapping indicate significant contribution of the left anterior 
hippocampus to the task performance. Functional magnetic resonance imaging (fMRI) 
indicates hippocampal involvement during the early encoding phase as well as during the 
late storing phase (Gheysen et al 2010). Similar results were observed during learning of 
sequential finger movement test. Based on these results, motor learning was divided into 
two functional phases for the first time: an initial phase of “fast” learning showing within 
session improvement, and a “slow” learning phase, characterized by improvement after 
continued practice (Karni et al 1998). 
 
 
Fig. 1.22 Fast and slow motor skill 
learning in the accelerated rotarod 
task. 
(A) Animals showed fast learning during 
the first training day, which slowed down 
during day 2 and reached plateau during 
the third day. 
(B) Across days, there was a significant 
change in the latency to fall during the 
early trials (one and two) of every ses-
sion. We observed a significant im-
provement from day 1 to day 2 but no 
further improvement from day 2 to day 3. 
(C) Across days, there was no significant 
improvement in the latency achieved during the late trials (days nine and ten) of every session indicating that 
the most substantial improvement occurred during the first training day (Costa et al 2004). 
 
 
Multielectrode arrays, used to record neuron activity during the accelerated rotarod 
task, indicated both cortical and striatal neuron activity during different phases of motor 
learning (Costa et al 2004). Rat performance on the rod clearly showed the existence of 
two learning phases (Buitrago et al 2004b); within session (intrasession) and between 
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session (intersession) improvement (Fig. 1.22). Further studies on motor memory consol-
idation demonstrated different characteristics of the motor learning phases. The fast 
learning seems to be sensitive to errors but shows poor retention, whereas the slow learn-
ing shows robust retention and poor sensitivity to error (Criscimagna-Hemminger & 
Shadmehr 2008). The latest results on oculomotor sequence learning indicate the func-
tional interaction between the hippocampus and the striatum in offline memory 
processing (Albouy et al 2008). Extended motor learning process further results in an au-
tomatic stage (habit), where the learned behavior requires a minimum level of conscious-
ness and is resistant to disturbance and time. A retention mechanism is considered as re-
sponsible for skills that can be performed after a long period of time without additional 
training (Doyon & Benali 2005). 
Because of the NT expression pattern, our studies concentrated on the role of the 
NT/agrin interaction in motor skills acquisition. During these studies we performed: 
 the accelerated rotarod test with the protocol customized for mice 
 the staircase test established for measurement of deficits in paw reaching 
 the Morris water-maze test, which is a combination of motor and spatial learning 
 the T-maze, which allows to study spatial memory and assess preference between 
hippocampal and striatal spatial response. 
 
1.5.2.1 Habit formation 
Constant practicing and improvement of motor skill leads to its automatization and 
almost unconscious behavior defined as habit. Habits are learned during motor skills ac-
quisition, acquired via experience-dependent plasticity (Graybiel 2008). From an evolu-
tionary perspective, habit formation is an important process that allows learned tasks to 
be performed unconsciously and thus concentration can be diverted elsewhere. Habits are 
created as a result of overtraining; its formation depends on the cortico-striatal interac-
tion (Fig. 1.23). 
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Fig. 1.23 Habit formation. 
Schematic representation of the development of habits through interactive action of cortico-basal ganglia 
circuits. Circuits mediating evaluation of actions gradually lead to selection of particular behaviors that, 
through the chunking process, become habits. PPN, pedunculopontine nucleus; SN, substantia nigra; STN, 
subthalamic nucleus; VTA, ventral tegmental area (Graybiel 2008). 
 
 
Studies on two distinct brain areas, namely the hippocampus and caudate nucleus, re-
vealed the existence of two neural systems responsible for different animal reactions. Dur-
ing training in the cross-maze, rats learn to turn into the correct, baited arm of the maze. 
After a few days of training, the probe trial is performed. Rats start the new trial from the 
opposite side of the maze. Those animals that choose the arm according to the external cue 
ended in the correct arm and were rewarded with the food; these are “place learners”. 
Those that automatically choose the same turn are called “response learners” and finished 
without a reward. Afterwards, an extended training probe trial was repeated. Rats given a 
lidocaine injection into the hippocampus did not show a preference for place learning or 
response learning during the first probe trial, but presented a clear tendency towards re-
sponse learning during the second probe. This suggested that place learning tendency was 
blocked by the inactivation of the hippocampus. In contrast, rats that received the injec-
tion into the caudate nucleus presented the place learning response during both probe 
trials. This indicates that the caudate nucleus is responsible for response learning 
(Packard & McGaugh 1996). Summarizing, the initial place response is overcome with 
overtraining and results in response-directed learning. With extensive training the initial 
A-O (goal) tendency shifts into the simple S-R model.  
Further research concentrated on the striatal area indicated the distinct role of the 
dorsolateral (DLS) and dorsomedial (DMS) striatum during the habit formation process. A 
study on monkey learning and a sequence of button pressing revealed activity of the asso-
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ciative DMS during the initial acquisition phase, which decreased with training. Whereas, 
higher neuronal activity of the sensorimotor DLS was observed during the late, already 
automated phase (Miyachi et al 2002). These results are consistent with the water-maze 
studies, which show that the DMS is involved in place learning, whereas the DLS is in-
volved in response learning (Devan et al 1999). The role of the DMS in the acquisition 
process still remains unclear because of the fact that its lesion contributes to the faster S-
R-like habit formation, which is visible even during the early stage of training, thus sug-
gesting that the DMS and the hippocampus belong to the same functional system (Yin et al 
2008).  
Recently research about habit formation drew great attention from scientists working 
on addictions and psychiatric disorders, like obsessive-compulsive disorder (OCD) and 
Tourette syndrome. Constant, repetitive behavior similar to the one observed during the 
habit formation is a characteristic feature for some of the psychiatric disorders. Extensive 
work on addiction has led to the conclusion that expression of addictive behavior is driven 
by the same goal-directed transition as in case of habit formation (Everitt et al 2001; 
Hyman et al 2006). Further studies concerning processes of habit formation may become 
extremely useful in the treatment of psychiatric human disorders. 
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2 Aim of the project 
A 4 bp deletion in the PRSS12 gene encoding the trypsin-like serine protease neuro-
trypsin in humans was found to be responsible for nonsyndromic MR, which starts to be-
come evident by the child’s second year. Therefore, we believed that NT is crucial for 
adaptive synaptic functions. Previous studies have demonstrated that NT cleaves agrin, a 
large heparin sulfate proteoglycan, at two conservative sites (α and β) in vitro and in vivo. 
We know that overexpression of TM-agrin in rat hippocampal neurons induces the forma-
tion of filopodia-like protrusions on axons and dendrites. Therefore, we studied whether 
agrin cleavage is involved in activity-dependent generation of filopodia in the mature hip-
pocampus. Filopodia are transient, short-lived structures that are considered to be imma-
ture forms of synapses. To understand NT/agrin interaction and its role in the adult CNS, 
we applied two chemical stimulations (TEA and PFR) to induce LTP in acute hippocampal 
slices of wild-type and NT-deficient mice. We applied two techniques: Western blotting, to 
quantify the agrin-90 fragment released after the chemical stimulation, and 3D reconstruc-
tion of the filopodia, to assess new filopodia formation in NT-deficient mice. We hypothe-
sized that NT deficiency will affect structural plasticity in hippocampus. Therefore, our 
work aimed to detect and quantify the appearance of dendritic filopodia in response to the 
induction of LTP in wild-type and NT-deficient mice. The extent of filopodia formation 
could indicate the potential plasticity in the hippocampus region, as it was shown that 
when the brain receives a large amount of new stimuli and the process of storing new in-
formation is enhanced the number of filopodia rapidly decreases and the number of sta-
bile spines increases. 
Next, we planned to characterize the behavioral phenotype of the NT-deficient mice, 
since strong NT expression in the hippocampus and amygdala suggests its role in learning 
and memory. Furthermore, motor learning studies with mice proved that extended learn-
ing promotes elimination and formation of spines, i.e. remodeling of pre-existing neuronal 
connections. Our studies particularly focused on procedural learning. Initially we mainly 
concentrated on the motor learning aspects since children with truncated form of NT were 
not able to learn how to speak; speech learning is a part of procedural learning. We aimed 
to observe effects of NT/agrin interaction on mice behavior in the context of mental retar-
dation. We strongly believe that further studies on the proteolytic activity of NT could con-
tribute to a better understanding of the molecular and cellular mechanisms underlying 
learning and memory processes and explain why the lack of NT in humans results in MR. 
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3 Results 
3.1 The neurotrypsin/agrin system as a regulator of activity-
dependent synapse formation in the CNS 
 
Results described in chapter 3.1 are part of my research, and were published as a part of 
the following article:  
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3.1.1 Cleavage of agrin by externalized neurotrypsin requires postsynaptic 
activation 
 
TEA evokes global bursting and produces long-term potentiation (LTP) of synap-
tic transmission with similar properties as tetanus-induced LTP (Hanse & Gustafsson 
1994; Huang & Malenka 1993; Huber et al 1995), indicating the concomitant activation of 
the pre- and the postsynaptic neuron by TEA, because this is a prerequisite for the induc-
tion of LTP (Malenka & Nicoll 1999). We thus tested for a postsynaptic component in TEA-
induced neurotrypsin-dependent agrin cleavage. We found that the TEA-induced increase 
of agrin cleavage was prevented by the AMPA and NMDA-R inhibitors CNQX and MK-801 
(Fig. 3.1A, B). In addition, a significant decrease of agrin cleavage was also found with ni-
fedipine, a selective inhibitor of L-type voltage-dependent Ca2+ channels (VDCC). There-
fore, TEA-induced neurotrypsin-dependent agrin cleavage exhibited a postsynaptic con-
tribution from both NMDA-Rs and L-type VDCCs, as previously reported for the TEA-
induced LTP (Hanse & Gustafsson 1994; Huang & Malenka 1993; Huber et al 1995). 
We further confirmed this postsynaptic component with another chemical LTP 
protocol, using the combination of picrotoxin, forskolin, and rolipram at high extracellular 
Ca2+ and no Mg2+ (PFR). PFR stimulation induces LTP in the hippocampal CA1 region in an 
NMDA-R-dependent manner by enhancing neuronal network activity via reduction of GA-
BAergic inhibition in combination with enhancing cAMP-mediated intracellular signaling 
(Kopec et al 2006; Otmakhov et al 2004). We found that the PFR-induced increase of agrin 
cleavage was prevented by the AMPA and NMDA-receptor inhibitors CNQX and MK-801 
(Fig. 3.1C, D). Only a small, but non-significant reduction of PFR-induced agrin cleavage 
was found with nifedipine, a blocker of L-type VDCCS (Fig. 3.1.C, D), which is in line with 
the reported NMDA-R dependence of PFR-induced LTP (Otmakhov et al 2004). 
Together, these results indicate that neurotrypsin-dependent agrin cleavage re-
quires activation of presynaptic P/Q- and N-type calcium channels that are essential for 
presynaptic exocytosis of neurotrypsin. However, in contrast to neurotrypsin exocytosis 
from presynaptic boutons, neurotrypsin-dependent agrin cleavage also requires the acti-
vation of the postsynaptic neuron, with the indispensable activation of NMDA-Rs. These 
results indicate that neurotrypsin is externalized in an inactive form and that NMDA-R-
driven activity of the postsynaptic cell is required for its activation. The dependence of 
neurotrypsin-dependent agrin cleavage on postsynaptic activation was also found with 
hippocampal slices from juvenile (4-6 week-old) mice. Therefore, the dependence of neu-
rotrypsin activation on postsynaptic mechanisms was found to be an age-independent 
process. 
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Fig. 3.1. Neurotrypsin –dependent agrin clea-
vage in P10 mice 
The chemical LTP inducers TEA and PFR were 
used to stimulate neurotrypsin dependent agrin 
cleavage in whole hippocampi from P10 mice. 
Response to postsynaptic inhibition was studied 
by Western blotting of agrin-90.  
(A-B) Stimulation with TEA. (A) Representative 
Western blots for agrin-90. The β-actin loading 
control is shown below. No Stim; wild-type hippo-
campi without stimulation. AMPA and NMDA re-
ceptors were blocked with CNQX and MK-801, 
respectively. L-type VDCCs were blocked with 
nifedipine (Nife).  
(B) Quantification of agrin-90 levels under the 
conditions specified in (A). Levels of agrin-90 were 
normalized to β-actin. The average level found 
without stimulation was set to 1. Error bars indi-
cate SEM; **p < 0.01; ***p < 0.001, ANOVA with 
Tukey's post hoc test (n = 13-14). 
(C-D) Stimulation with PFR. (C) Representative 
western blot for agrin-90 with β-actin loading 
control below. Ntd: neurotrypsin-deficient hippo-
campi.  
(D) Quantification of agrin-90 levels under the 
conditions specified in (C). **p < 0.01; ***p < 0.001 
by ANOVA with Tukey's post hoc test (n = 10-12). 
 
 
 
 
 
 
 
Results 56 
3.1.2 LTP is intact, but LTP-associated formation of dendritic filopodia is 
abolished in neurotrypsin-deficient mice 
 
Activation of NMDA-Rs and postsynaptic Ca2+ influx is essential for LTP induction 
(Malenka & Nicoll 1999). Therefore, the recognition of neurotrypsin activation as an 
NMDA-R-dependent process prompted the question whether neurotrypsin plays a role in 
LTP expression. To test this possibility, we compared LTP in acute hippocampal slices 
from 4-6 week-old wild-type and neurotrypsin-deficient mice (Fig. 3.3A, B). LTP was 
evoked in the CA1 region with 4 1-s trains of 100Hz stimuli. Significant LTP was observed 
in slices from both wild-type littermates and neurotrypsin-deficient mice (150.5 ± 8.8%, n 
= 10, p < 0.001 and 169.1 ± 38%, n = 7, p = 0.05, respectively). There was no difference in 
the extent of LTP between wild-type and neurotrypsin-deficient mice (p = 0.66) (Fig. 
3.3B), indicating that neurotrypsin was not essential for LTP expression.  
Among the LTP-associated cellular phenomena, the formation of dendritic filopo-
dia is particularly intriguing, because filopodia have been characterized as early forms of 
spines and, thus, precursors of synapses (Engert & Bonhoeffer 1999; Maletic-Savatic et al 
1999; Ziv & Smith 1996). Therefore, we studied whether agrin cleavage is involved in ac-
tivity-dependent generation of filopodia in the mature hippocampus. To visualize dendrit-
ic filopodia in hippocampal slices, we used the transgenic mouse line L15 expressing 
membrane-targeted GFP (mGFP) in sparse neurons (De Paola et al 2003). Filopodia were 
counted in reconstructed 3-dimensional images of secondary apical dendrites by inspec-
tion over a length of 30-40 µm (Fig. 3.3C-E). Dendritic filopodia (arrows in Fig. 3.3E) were 
identified according to the following morphological criteria: 1) a protrusion with a length 
of at least twice the average length of the spines on the same dendrite, 2) a ratio of head to 
neck diameter smaller than 1.2:1, and 3) a ratio of length to neck diameter larger than 3:1 
(Grutzendler et al 2002).  
First, we investigated the effect of chemical LTP on filopodia number, again using TEA- 
or PFR-induced global bursting as a means to mimic tetanus-induced LTP. Our electrophy-
siological recordings after TEA and PFR stimulation confirmed that both protocols induce 
robust LTP and corroborated our results obtained with electrical LTP induction that LTP 
was intact in slices from neurotrypsin-deficient mice (Fig. 3.4.). In addition, tests with 
propidium iodide indicated that neither TEA nor PFR stimulation induced significant 
apoptosis in hippocampal slices. Quantification of filopodia in non-stimulated control 
samples indicated that the average number of filopodia was 0.114-0.118/µm (Fig. 3.3F, H). 
Following TEA or PFR stimulation, filopodial density was significantly increased to 0.156 
or 0.152/µm, respectively (p < 0.001 vs No Stim by ANOVA with Tukey’s post hoc test). 
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Administration of the glutamate receptor blockers CNQX or MK-801, or nifedipine, ab-
olished the filopodial response to TEA (Fig. 3.3F). The dependence of the filopodial re-
sponse on both NMDA-Rs and L-type VDCCs is consistent with previous studies indicating 
that TEA-induced LTP consists of two mechanistically distinct forms of LTP, one depend-
ing on NMDA-Rs and the other on L-type VDCCs (Hanse & Gustafsson 1994; Huang & 
Malenka 1993; Huber et al 1995). The blockade by MK-801 and nifedipine indicates that 
the LTP-associated filopodial response to TEA exhibits the same inhibitor profile as TEA-
induced LTP and TEA-induced neurotrypsin-dependent agrin cleavage. Likewise, the filo-
podial response to PFR stimulation was also blocked by the glutamate receptor blockers 
CNQX and MK-801, but no significant inhibition was found after blockade of L-type VDCCs 
with nifedipine (Fig. 3.3H). Again, this is consistent with the inhibitor profile of PFR-
induced chemical LTP (Okamoto et al 2004). 
To examine the role of neurotrypsin in LTP-induced generation of filopodia (Fig. 
3.3G, I), we crossed neurotrypsin-deficient with transgenic L15 mice expressing mGFP in 
sparse neurons. The number of filopodia along secondary apical dendrites of CA1 pyra-
midal neurons was counted in mGFP-positive, neurotrypsin-deficient mice and in litter-
mate (neurotrypsin-wild-type) controls. CA1 neurons of wild-type mice had 0.107-0.120 
filopodia per µm (Fig. 3.3G, I). Filopodia number was significantly increased by both TEA 
and PFR- stimulation, reaching 0.172/µm and 0.166/µm, respectively (Fig. 3.3G, I). In con-
trast, neither TEA nor PFR-stimulation induced a significant increase in filopodial density 
(0.117/µm and 0.119/µm, respectively) in hippocampal slices of neurotrypsin-deficient 
mice (Fig. 3.3G, I). Representative dendrite pictures with filopodia indicated by the black 
arrows (Fig. 3.2.). Together, these results indicate that neurotrypsin is not required for 
induction and expression of LTP, but rather for the LTP-associated generation of filopodia. 
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Fig. 3.2 LTP-associated formation of filopodia is abolished in neurotrypsin-deficient mice 
Images of dendritic filopodia were obtain with confocal microscope and analyzed using Imaris software. Filo-
podia were identified according to criteria established by (Grutzendler et al 2002) Scale bar: 10 µm. Black 
arrows indicate filopodia structures. ntd; neurotrypsin-deficient, wt; wild-type littermate control. 
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Fig. 3.3 LTP is intact, but LTP-associated 
formation of filopodia is abolished in 
neurotrypsin-deficient mice 
LTP and LTP-associated promotion of den-
dritic filopodia were assessed in hippocam-
pal slices of 4-6 week-old neurotrypsin-
deficient mice. (A, B) LTP was studied by 
stimulation of the Schaffer collaterals and 
electrophysiological recordings of Schaffer 
collateral-CA1 synaptic responses (A). Test 
stimuli were delivered at 30s intervals and 
LTP was induced by delivering four 1-s 100 
Hz trains at 30s intervals. (B) Comparison of 
long-term potentiation (LTP) in the hippo-
campal CA1 area of neurotrypsin-deficient 
(white squares) and wild-type (black 
squares) mice. Data are shown as mean ± 
S.E.M. The results indicate that neurotryp-
sin-deficient mice have normal LTP. (C-I) 
Analysis of filopodia on dendrites of CA1 
pyramidal neurons in wild-type and neuro-
trypsin-deficient mice expressing mem-
brane-targeted GFP in sparse neurons. (C) 
Representative image of a GFP-expressing CA1 pyramidal neuron in a hippocampal slice. (D) Higher magnifica-
tion of the secondary apical dendrite indicated by the arrow in C. (E) Reconstructed 3D image of the secondary 
apical dendrite boxed in D. Arrows show filopodia identified according to the criteria of (Grutzendler et al 
2002). Bars: 50 µm in C; 20 µm in D; 10 µm in E. (F-I) Filopodia numbers on secondary apical dendrites of 
hippocampal CA1 pyramidal neurons. (F) Number of filopodia per 1 µm of dendrite after TEA stimulation and 
effect of AMPA and NMDA receptor blockade by CNQX and MK-801, respectively, and blockade of L-type Ca2+-
channels by nifedipine (Nife) in L15 mice (wild-type for neurotrypsin). (G) Comparison of filopodia formation 
after TEA stimulation in wild-type and neurotrypsin-deficient mice. (H) Filopodia numbers after PFR and 
effect of CNQX, MK-801, and nifedipine. (I) Comparison of filopodia formation after PFR stimulation in wild-
type and neurotrypsin-deficient mice. Error bars indicate S.E.M.; ***, p < 0.001, ANOVA with Tukey’s post hoc 
test. wt.: wild type littermate control. ntd: neurotrypsin-deficient mice.  
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Fig. 3.4 Neurotrypsin dependent agrin cleavage in 4 to 6 week old (juvenal) mice 
TEA was used as chemical LTP inducer to stimulate neurotrypsin-dependent agrin cleavage in hippocampal 
slices from 4-6 week old mice. Response to blockade of postsynaptic glutamate receptors was studied by 
Western blotting of agrin-90. Error bars indicate S.E.M; *, p< 0.05; ***, p< 0.001 using ANOVA with Newman-
Keuls post hoc test (n = 3-8). 
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3.1.3 The C-terminal fragment of agrin restores the LTP-induced increase of 
filopodia in neurotrypsin-deficient mice 
 
Because agrin is the only proteolytic target of neurotrypsin and because LTP-
dependent induction of dendritic filopodia was abolished in neurotrypsin-deficient mice, 
we wondered whether the released agrin fragments (agrin-22, agrin-90, and agrin-110) 
might function as filopodial inducers. To test this hypothesis, we produced these frag-
ments in HEK293T cells, purified them, and added 50 nM of each to neurotrypsin-deficient 
hippocampal slices (Fig. 3.5.). We found that administration of agrin-22 (z0) with PFR in-
duced a significant increase of filopodia, reaching levels observed in PFR-stimulated wild-
type hippocampi (0.182/µm; Fig. 3.5A-E). Almost the same effect was found when agrin-
22 was applied without PFR (0.167/µm). These results identify agrin-22 as the mediator 
of the filopodia-generating response associated with LTP.  
Agrin-90 was unable to rescue PFR-induced filopodia stimulation in neurotryp-
sin-deficient mice when administered alone or in combination with PFR (0.128/µm or 
0.120/µm, respectively; Fig. 3.5F). We also tested agrin-110 that was generated by partial 
proteolytic cleavage at the α cleavage site and comprised both agrin-90 and agrin-22. 
Agrin-110 (y0z0) showed only a weak, statistically non-significant rescue (0.136/µm; Fig. 
3.5G) even though it contains the C-terminal part of agrin. Therefore, we concluded that 
the C-terminal domain of agrin was only active when isolated in the form of agrin-22, and 
thus that β cleavage was important to exert a maximal filopodia-inducing effect. 
In summary, we have shown that the neurotrypsin-dependent generation of 
agrin-22 is essential for LTP-dependent filopodia induction and that the agrin-22-derived 
signals resulting in NMJ development and those resulting in the generation of filopodia 
from dendrites of CNS neurons are distinct. 
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Fig. 3.5 Isolated agrin-22 promotes the formation of dendritic filopodia 
The fragments of agrin generated by neurotrypsin-dependent cleavage were tested for their filopodia-
promoting activity on secondary apical dendrites of CA1 pyramidal neurons in hippocampal sliced from 4 to 6 
week old mice. (A-E) Densities of filopodia on dendrites in neurotrypsin-deficient hippocampi with or without 
agrin-22. (A-D) Representative images of dendrites of CA1 pyramidal neurons of neurotrypsin-deficient mice 
with or without agrin-22. Arrows indicate filopodia. (E) Number of filopodia per 1 µm of dendrite. (F-G) Filo-
podia density on dendrites after application of agrin-90 (F) and agrin-110 (G). Error bars indicate SEM; ***p < 
0.001 by ANOVA with Tukey's post hoc test. ntd; neurotrypsin-deficient. 
 
 
 
Results 63 
3.2 Behavioral phenotype of neurotrypsin-deficient mice 
3.2.1 High variability between consecutive series of rotarod tests precluded 
conclusions about motor skills learning 
 
3.2.1.1 The 1st series of the rotarod tests showed elevated motor performance in 
neurotrypsin-deficient mice 
 
The rotarod task is a commonly used paradigm for the assesement of motor skill 
learning (Buitrago et al 2004b; Mizoguchi et al 2002). In my studies mice were trained for 
7 consecutive days/sessions, to maintain balance on an accelerating rotating rod. Each 
session consisted of 10 trials with a 5-6 minutes break in between. A break of 7 days was 
introduced after the training phase to observe possible changes concerning memory 
consolidation. After the break mice were tested for additional 2 days. This experimental 
setup allowed intrasession (within session) and intersession (between session) learning in 
NT-deficient and wild-type mice to be analyzed precisely.  
The results of the 1st series of rotarod tests (Tab. 1) indicated that NT-deficient mice 
are capable of rapid acquisition of the task. NT-deficient mice perform on the rotarod sig-
nificantly better during the training phase (p < 0.0001) as well as during the two addition-
al days after the break (p < 0.01) (Fig. 3.6A). Further, detailed analysis revealed a statisti-
cally significant improvement, equal for both genotypes, within one session/ 10 trials (p < 
0.0001). Mice as well showed significant improvement between sessions/days (p < 
0.0001) during the training phase and during the additional two days (p < 0.001, p < 0.05), 
respectively. This means that after the overnight break the mice started their perfor-
mances on the rotating rod from a slightly lower level, if compared to the last trial of the 
previous day, but on a much higher level, if compared to the first trial of the previous day. 
To check for possible differences in memory consolidation between genotypes we ana-
lyzed the level of performance during the last trial of each day and compared it with the 
level of performance during the first trial of the next day and we realized that NT-deficient 
mice showed a significantly greater overnight drop (p < 0.005) in comparison to the wild-
type mice. This suggested that NT-deficient mice may have a problem with memory con-
solidation.  
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Fig. 3.6. Neurotrypsin-deficient mice show enhanced rotarod performance during the 1st, but not the 
2nd, series of the rotarod test. 
(A) The 1st series consisted of 7 consecutive training days and an additional 2 days after 7 days of a break. In 
total 25 mice (12 Ntwt/13 Ntko) participated in this series. Sex was equally distributed amongst genotypes. 
NT-deficient mice show significantly enhanced rotarod performance (p < 0.0001), before the break, and after 
the break (p < 0.01). The last trial of a day and the first trial of the following day indicate an overnight drop in 
the performance. NT-deficient mice show a significantly greater overnight drop in comparison to the wild-type 
mice (p < 0.005). (B) The 2nd series consisted of 10 consecutive training days and 4 additional days after a 7 
day break. In total 17 mice (6 Ntwt/11 Ntko) took part in this test. Most of the mice taking part in this series of 
the experiment were females (2 males/15 females). Due to the greater percentage of females, a different per-
formance pattern was observed. The red arrow represents location of 7 day break. ** p < 0.01, **** p < 0.0001 
by Univariate ANOVA, Ntwt: wild-type littermate control, Ntko: neurotrypsin-deficient mice. 
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3.2.1.2 The 2nd series of the rotarod tests showed changed motor behavior in 
female mice 
 
Because the results of the 1st rotarod series indicated enhanced performance of NT-
deficient mice we hypothesized that NT-deficient mice may be more vulnerable to over-
training, what would result in facilitated transit to habit. Due to our hypothesis we decided 
to prolong training phase from 7 to 10 consecutive days and testing stage from 2 to 4 days. 
The latency to fall analysis indicated no significant difference between genotypes during 
training and testing (Fig 3.6B). During the 2nd series of the test, which was supposed to 
confirm the previous results, we examined a cohort consisting almost entirely of females 
(2 males/15 females). The outcome of this round suggested that females acquired motor 
skills much faster than males (Tab. 2). On average, female mice reached the maximum of 
their performance already on the 3rd day of training. The above results were consistent 
with previous studies indicating that males needed more time to reach the same level of 
motor performance (Buitrago et al 2004a). Based on these results we continued research 
only on males to avoid unnecessary variability. 
 
3.2.1.3 The 3rd and 4th series of the rotarod tests showed high variability 
between successive series, which did not allowed to draw conclusions 
 
The two next series of rotarod tests were based on the same protocol, as that of the 2nd 
series, and were sought to confirm previous results. During the 3rd series similar results as 
in the first experiment were registered (Tab. 3). Both genotypes were able to improve 
their performance (Fig. 3.7A). Inter- and intrasession learning was highly significant for 
both genotypes (p < 0.0001). On about the fourth day of testing, both groups of mice 
reached the plateau. NT-deficient mice showed on average, a significantly higher latency to 
fall (p < 0.0001) during the training as well as during the four additional testing days. Tu-
key’s post hoc test indicated a significant difference (p < 0.001) between the three first 
days and the remaining test days. However, the overnight drop level on the 3rd series of 
the rotarod test differed from that of the previous tests. A detailed comparison of the last 
trial on one day to the first one of the next day revealed a significantly higher overnight 
drop (p < 0.05) in the case of wild-type mice, an opposite result compared with the pre-
vious one.  
During the last 4th series of the rotarod test we encountered unexpected technical prob-
lems with the apparatus. The test had to be terminated prematurely, after four testing 
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days. Mice involved in this experiment could not be use anymore for the rotarod test. Fur-
ther testing consisted only of 10 mice (5 Ntwt/5 Ntko). Most of the mice have reached the 
maximum time on the rod already by the second day of training (Fig. 3.7B). Above result 
differs form the previous one, it is not reliable due to the small animal number and ab-
normally rapid achievement of the maximal performance.  
 
 
 
Fig. 3.7 The 3rd and 4th series of the rotarod test reveals high variability amongst both genotypes. 
Due to the different female group’s performance, further rotarod tests involved only males. Both series con-
sisted of 10 consecutive training days and 4 additional days after a 7 day break. (A) The 3rd series of the test 
involved 27 mice (12 Ntwt/15 Ntko). Significantly better performance of the NT-deficient mice can already be 
observed during the second day of training, across the training period, and after the break (p < 0.0001, by 
ANOVA). During this series, wild-type mice showed a significantly higher overnight drop (p < 0.05) in compar-
ison to the NT-deficient mice. (B) The 4th series (10 mice (5 Ntwt/5 Ntko)) of the rotarod test revealed a com-
pletely different pattern of behavior. There was no difference between genotypes.  Both genotypes had 
reached maximum performance time (300sec) already during the second day of training. The red arrow 
represents the location of the 7 day break. **** p< 0.0001, by Univariate ANOVA, Ntwt: wild-type littermate 
control, Ntko: neurotrypsin-deficient mice. 
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3.2.1.4 Neurotrypsin-deficient middle-aged mice display increased overnight drop 
in rotarod performance 
 
The inconsistent results of the rotarod tests forced us to seek the cause of such high 
variability between series. To this end I performed a detailed analysis across all age inter-
vals including all males that took part in the 1st and 3rd series of the rotarod tests. Mice 
were divided into five age groups: 3 months old, 6-7 months old, 9 months old, 10-11 
months old, and 12-13 months old were analyzed. Unfortunately, we were not able to 
draw any conclusions since each of the age groups behaved differently and inconsistently 
(data not show). In general, the rotarod results indicate that NT-deficient mice are able to 
acquire motor performance on the rotarod. None of the genotypes achieved maximum 
performance, except during the 3rd series of the test, characterized by a low number of 
mice. 
We also looked closely at the overnight drop across different ages (Fig. 3.8). Results 
indicated that older NT-deficient (10-13 months old) mice show a significantly higher 
overnight drop in comparison to the wild-type animals. If we assume that the overnight 
change reflects the consolidation process, then these results are consistent with previous 
studies showing consolidation deficits in middle-aged and aged animals (Bach et al 1999; 
Ward et al 1999). The high level of the overnight drop may stand for consolidation prob-
lems in NT-deficient mice.  
Due to highly variable results we decided to conduct the grip strength test; to check for 
difference in muscle strength, the locomotor activity test; to assess differences in general 
activity, and fear conditioning; to confirm or exclude disturbance in memory consolida-
tion. 
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Fig. 3.8 Overnight drop across different ages. 
The analysis was performed on 52 mice (24 Ntwt/28 Ntko) performing the rotarod test during the 1st and 3rd 
series. Only male mice were included in the statistics. Mice were divided into the five age groups: 3 months old 
(3m), 6-7 months old (6-7m), 9 months old (9m), 10-11 months old (10-11m), and 12-13 months old (12-
13m). The two last groups show a significant difference in the overnight drop. NT-deficient mice at the age of 
10-11 months; ***p < 0.001, and 12-13 months; *p < 0.05, by Univariate ANOVA, show a significantly higher 
overnight drop in comparison to the wild-type mice. Error bars indicate SEM. Ntwt: wild-type littermate con-
trol, Ntko: neurotrypsin-deficient mice. 
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3.2.2 Front limb strength does not affect rotarod performance 
 
The grip strength test was conducted to determine the influence of front limb strength 
on the rotarod performance. Due to that, the same mice that participated in the rotarod 
test were subjects of the grip strength test. The mice study indicate that increased muscle 
fiber size leads to elevated muscle strength, which can result in enhanced rotarod perfor-
mance (Bogdanovich et al 2008).  
Mice were divided into three age groups: 5-7 months old, 9-11 months old and 12-14 
months old. The results confirmed that there is no difference in the strength of the front 
limbs between genotypes (Tab. 4). We were able to observe that both groups of mice be-
came weaker with time, which is a normal consequence of ageing (Fig. 3.9). No correlation 
between weight and front limb strength was found.  
Therefore, we can definitely confirm that strength of front limb did not affect rotarod per-
formance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.9 Front limb strength decreases with increasing age of mice. 
The analysis was performed on 104 male mice (50 Ntwt/54 Ntko). Mice were divided into three age groups (5-
7, 9-11, and 12-14 months old). Grip strength analysis revealed no difference between genotypes. Error bar 
indicates SEM. Asterisks indicates significant difference between groups, *p < 0.05; **p < 0.01; ***p < 0.001 by 
Student T-test. Ntwt: wild-type littermate control, Ntko: neurotrypsin-deficient mice. 
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Detailed analysis of front limb strength in three age groups revealed no significant dif-
ference between genotypes (Fig. 3.10). It is clearly visible that the performance of wild-
type and NT-deficient mice remains at the same level across the first and second day of 
testing. This suggests that repetition of the same action does not affect the grip force. In 
this part of the grip strength analysis, a decrease in the front limb strength across age is 
also visible. 
In summary, NT-deficient mice do not show elevated muscle strength. Both genotypes 
show declining muscle strength, characteristic for aged mice.  
 
 
 
 
 
Fig. 3.10 Detailed analysis of the mice grip strength across age. 
The total number of mice was analyzed depending on age, difference between genotype and day of test. (A) 
Mice at 5-7 months. (B) Mice at 9-11 months. (C) Mice at 12-14 months. Error bars indicates SEM. Ntwt: wild-
type littermate control, Ntko: neurotrypsin-deficient mice. 
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3.2.3 Neurotrypsin-deficient mice show enhanced locomotor activity during 
the dark -phase 
 
Locomotor activity is a multidimensional behavior where amount and level of activity, 
as well as degree of spatial and dynamic organization can be assessed. Unconditioned lo-
comotor behavior can be affected by genetic manipulation (Lanuza et al 2004) and phar-
macological applications (Crawley & Goodwin 1980). It differs across mice strains (Paulus 
et al 1999) and decreases with age (Weinert & Waterhouse 1999). To asses the level of 
general locomotor activity we have conducted a locomotor activity test. Activity of mice 
was registered for two consecutive weeks with a weekend break of two days in between. 
The first day of each week was treated as the habituation period and was not included into 
the statistical analysis. 
The locomotor activity measurements indicated significantly higher activity of NT-
deficient mice during the dark/active phase of the day (Tab. 5). The experiment was per-
formed twice with an interval of two months to observe changes over age. During the 1st 
series of testing, NT-deficient mice showed a highly significant difference in activity (p < 
0.0001) in comparison to the wild-type mice (Fig. 3.11A). Detailed analysis of mice (Fig. 
3.12) at all ages (6, 7, 8, 9, and 10 months old), revealed a significant difference between 
genotypes only in the case of younger mice (Fig. 3.12A-B); 6 months old (p < 0.0001), 7 
months old (p < 0.05), and 8 months old (p < 0.05), which declined with age. The older 
mice (Fig. 3.12C), 9 and 10 months old, showed no difference in the locomotor activity 
between genotypes (Tab. 7). During the 2nd series of the ACTIVISCOPE test (Fig. 3.11B), 
the difference between NT-deficient and wild-type mice decreased (Tab. 6), but still stayed 
significant (p < 0.05).  
These results confirmed the generally accepted hypothesis that locomotor activity de-
creases with age. In addition, the greater activity of young NT-deficient mice may affect 
other motor learning experiments. Due to this, further tests that were performed with a 
particular emphasis on the influence of activity on the motor or spatial learning. 
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Fig. 3.11 Neurotrypsin-deficient mice show significantly higher locomotor activity during the dark 
phase.  
Locomotor activity test was performed twice with the same cohort of mice with an interval of two months. In 
total 24 mice (13 Ntwt/11 Ntko) participated in activity measurements. The black time line represents 
dark/active phase (7am-7pm), whereas, the white one stands for the light/non active phase. (A) The 1st series 
of the locomotor activity test included mice at the age of 6-10 months. NT-deficient mice showed significant 
higher activity during dark/active phase (p < 0.0001), in comparison to the wild-type animals. (B) During the 
2nd series of locomotor activity tests mice were 2 months older. NT-deficient mice still showed significantly 
higher activity (p < 0.05), but difference between genotypes decreased with age. * p< 0.05, **** p < 0.0001 by 
Univariate ANOVA. Error bars indicate SEM. Ntwt: wild-type littermate control, Ntko: neurotrypsin-deficient 
mice. 
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Fig. 3.12 Enhanced locomotor activity of the neurotrypsin-deficient mice decreases with age.  
The total number of mice 20 (10 Ntwt/10 Ntko) were divided into five age groups: 6, 7, 8, 9, and 10 months 
old. (A-B) The younger, 6 (p < 0.0001) and 8 (p < 0.05) months old NT-deficient mice showed a significantly 
higher activity level, which decreased with age. (C) There was no difference in activity between genotypes at 
the age of 10 months. Error bars indicate SEM. * p < 0.05, **** p < 0.0001, by Univariate ANOVA. Ntwt: wild-
type littermate control, Ntko: neurotrypsin-deficient mice. 
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3.2.4 Memory consolidation of fear conditioning is not affected in 
neurotrypsin-deficient mice 
 
To asses memory consolidation in a different system, we performed a fear condition-
ing test with a six day break in between training and testing. The presented results include 
two separate cohorts (1st and 2nd) of wild-type and NT-deficient mice.  
The analysis of the response to the training indicated a highly significant acquisition (p < 
0.0001) in both series of experiment (Tab. 8). There was a non-significant tendency to-
ward a lesser fear response in the NT-deficient mice (Fig. 3.13A). However, statistical 
analysis indicated that there was no difference in the response between genotypes. During 
the 2nd series mice generally showed a tendency to freeze more than the one in 1st series, 
but their freezing level was also higher during the baseline recording. Based on the train-
ing response results, one mouse was excluded from further statistics due to excessive 
freezing during the baseline.  
Reponses to the context and response to the cue are two distinct reactions that depend 
on different brain regions. Rats with lesion of the dorsal striatum showed significantly 
lower freezing to the presented tone in comparison to controls, however, lesion did not 
disturb contextual fear response (Ferreira et al 2003). This suggests that dorsal striatum is 
responsible for response to the cue and dorsal hippocampus is required for proper ex-
pression of fear (Maren et al 1997). Our results showed highly significant retention during 
contextual response (p < 0.0001) (Tab. 9), which was not affected by the genotype or a 
cohort (Fig. 3.13B). Observation of the context response during the 1st series revealed the 
significance of the sex (p < 0.024) and sex x response (p < 0.015) correlation. Successive 
cohorts consisted only of males to avoid unwanted correlation and variability.  
The analysis of the response to the cue clearly showed highly significant (p < 0.0001) 
freezing to the tone (Fig. 3.13C). No significant difference between genotypes was noted, 
even though NT-deficient mice on average freeze less in response to the tone (Tab. 10). 
 Fear conditioning is one of the fastest acquired experiences and thus is easily consoli-
dated into long-term memory. Our protocol consisted of one training day separated by a 
six day break from two testing settings (context/cue). NT-deficient mice showed no signif-
icant difference from wild-type mice across acquisition and during cued and contextual 
response. This indicates that neurotrypsin-deficient mice show no disturbance in the 
amygdala function and present a normal pattern of memory consolidation after fear condi-
tioning.  
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Fig. 3.13 Fear conditioning results across 
two cohorts. 
The 1st series of fear conditioning tests was 
represented by 21 mice (12 Ntwt/9 Ntko); 
cohort consisted of males and females. The 
2nd series was represented by 26 mice (11 
Ntwt/15 Ntko), only males. All graphs show 
the degree of mice freezing in response to 
training, context and cue.  
(A) Training response; where T1 represents 
baseline and T2 stands for the last training 
cycle. NT-deficient mice showed a non-
significant tendency toward elevated fear 
response, with a high variability between 
cohorts.  
(B) Response to the context; T1; baseline and 
T2; context exposure after six days. There was 
no difference between genotypes.  
(C) Tone response; T1; freezing level before 
tone and T2; freezing level with the tone. 
There was no difference between genotypes 
in response to the tone. Error bars indicate 
SEM. Ntwt: wild-type littermate control, 
Ntko: neurotrypsin-deficient mice. 
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3.2.5 Reaching and grasping abilities of neurotrypsin-deficient mice 
 
The staircase test was introduced by Montoya in 1990 as a test for assessing rat’s 
reaching and grasping ability (Montoya et al 1990). Later, the test was adjusted for mice. 
This type of test is sensitive to the unilateral lesions in the striatum (Fricker et al 1996), 
the subthalamic nucleus (Henderson et al 1999), and the motor cortex (Montoya et al 
1991). If our hypothesis concerning facilitated transit to habit formation in NT-deficient 
mice is correct we should be able to observe elevated reaching and grasping abilities in 
those animals. 
One week before the test, mice were food deprived and their weight was consistently 
maintained throughout the entire experimental. Both genotypes lost weight at the same 
rate and maintained the same weight until the last day of testing (Fig. 3.14B). During the 
experiment, a significant effect of the days across genotypes (p < 0.001) was observed. No 
difference between genotype in number of collected pellets was noted (Fig. 3.14A) (Tab. 
11). Three of the twenty one mice were excluded due to their high weight. To enter the 
staircase chamber and perform the test properly, mice cannot be heavier than 25 g (Ma-
nual Instruction for Rodent Staircase Test, Lafayette Instrument Company, USA).  
 
Our results indicate that NT-deficient mice were able to acquire the ability to reach and 
grasp sugar pellets from the different levels of the steps as efficiently as wild-type mice. 
We were not able to observe any difference between genotypes. 
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Fig. 3.14 Neurotrypsin deficiency does not affect reaching and grasping ability. 
In total 18 male mice (9 Ntwt/19 Ntko) were tested. (A) Number of collected pellets does not differ between 
genotypes. Both groups showed significant improvement within the days (p < 0.001). (B) Mice were food de-
prived until they reached 80-85% of their starting body weight. The quantity of received food was monitored 
to maintain a constant weight until the end of the experiment. Ntwt: wild-type littermate control, Ntko: neuro-
trypsin-deficient mice. 
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3.2.6 Neurotrypsin-deficient mice exhibit enhanced reversal learning 
capacity during the first days after re-location of the hidden platform 
 
3.2.6.1 The 1st and 2nd series of the water-maze tests showed that wild-type and 
neurotrypsin-deficient mice exhibit equal capacity to find the hidden 
platform during the acquisition stage 
 
3.2.6.1.1 The 1st series of water-maze experiments (performed by Florence 
Molinari) 
 
The Morris water-maze is a commonly used navigation task, which was developed by 
Richard G. Morris in 1981 (Morris 1981). The first water-maze tests with NT-deficient 
mice were performed in our laboratory by Florence Molinari. According to her protocol 
mice were trained for three consecutive days, six trials per day, and tested during the two 
days of reversal learning. During the reversal learning stage the hidden platform is place 
on the opposite quadrant of the maze. During the first trials of the reversal learning the 
mice must learn that the escape platform is not localized in the previous quadrant of the 
maze and that from now the hidden platform can be fond on the opposite quadrant. All 
data was analyzed using Univariate ANOVA. Data were split according to the phase of the 
experiment in acquisition and reversal learning. 
The results indicated rapid learning of the first platform position during the acquisition 
phase and fast adaptation to a new platform position during reversal learning for both 
genotypes (Fig. 3.15A). However, the amount of time spent in the old goal quadrant 
dropped rapidly in wild-type mice and remained near chance levels during both days of 
reversal learning. NT-deficient mice, in contrast, showed a persistent preference for the 
old goal quadrant during the first day of reversal stage and developed a clear avoidance of 
this quadrant during the second day (Fig. 3.15B). 
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Fig. 3.15 Spatial learning of the neurotrypsin-deficient mice during the 1st series of Morris water-maze 
test (Florence Molinari). 
In total, 33 mice (16 Ntwt/17 Ntko; 17 males/16 females) were tested. Mice were trained for 3 consecutive 
days, after which a hidden platform was placed on the opposite site of the maze and mice performed reversal 
learning. Each point represents average of 6 trials. (A) Escape latency during acquisition (days 1-3) and rever-
sal learning (days 4-5). (B) Time spent in the old goal quadrant during the reversal learning stage. NT-deficient 
mice showed more persistent preference for the old quadrant during the first day of reversal learning and 
developed clear non-significant avoidance during the second day. Error bars indicate SEM. A; acquisition, RL; 
reversal learning, Ntwt: wild-type littermate control, Ntko: neurotrypsin-deficient mice. 
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3.2.6.1.2 The 2nd series of water-maze experiments 
 
The results of the 1st series of water-maze tests prompted us to repeat this experiment 
with particular emphasis on the reversal learning phase. The previous protocol was ex-
tended from three to six training days, to over-train mice, and reversal learning was tested 
for four instead of two days. The escape latency (Fig. 3.16A) and the path efficiency (Fig. 
3.16B) during the acquisition stage revealed undisturbed improvement over the acquisi-
tion phase (p < 0.0001), equal for both genotypes. Mice showed rapid learning of a first 
platform position. Detailed analysis of the escape latency and the path efficiency during 
the first two days of the reversal phase showed no significant difference between geno-
types. However, NT-deficient mice presented non-significant tendency toward faster rec-
ognition of the new platform position during the first, but not the second day, of reversal 
learning (Fig. 3.16A-B).  
Analysis of escape latency /trials within day (except for the first day of acquisition and the 
first day of reversal) indicated no difference between genotypes. The path efficiency dur-
ing the first day of the reversal phase suggested that NT-deficient mice choose the correct 
path on their way to the platform more often. These results were confirmed by time in the 
quadrant assay, which suggested that NT-deficient mice, during the first trial of reversal 
learning, showed a reduced preference to the old quadrant. Furthermore, NT-deficient 
mice presented a non-significant tendency toward a more efficient path during the third 
and fourth day of the reversal learning. These promising conclusions raised the question: 
what will happen if we extend reversal learning? 
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Fig. 3.16 Spatial learning of the neurotrypsin-deficient mice during the 2nd series of Morris water-maze 
test. 
In total, 21 mice (12 Ntwt/9 Ntko; 13 males/8 females) were tested. Mice were trained for 6 consecutive days, 
on the seventh day reversal learning started. Each point represents average of 6 trials. (A) Escape latency 
analysis was not affected by genotype but indicated a non-significant tendency toward a faster recognition of a 
new platform position during the first day of the reversal learning. (B) Path efficiency measurement was not 
affected by genotype, but again we observed a non-significant tendency in NT-deficient mice toward faster 
location of the hidden platform during the reversal learning. Error bars indicate SEM. A; acquisition, RL; rever-
sal learning, Ntwt: wild-type littermate control, Ntko: neurotrypsin-deficient mice. 
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3.2.6.2 The 3rd and 4th series of the water-maze tests revealed enhanced reversal 
learning capacity of neurotrypsin-deficient mice during the first days after 
platform relocation 
 
3.2.6.2.1 The 3rd series of water-maze experiments 
 
The results from the 2nd series of the water-maze showed a non-significant tendency 
toward faster localization of the hidden platform by the NT-deficient mice during the first 
day of the reversal learning. To obtain further insight, our protocol was further extended 
from four to seven days of reversal learning days.  
The results of the 3rd series of water-maze tests confirmed that there was no difference 
between genotypes during the acquisition phase. Both genotypes were able to localize the 
hidden platform at its initial position, showing significant improvement over training days 
(p < 0.0001). In contrast, detailed analysis revealed significant differences in the perfor-
mance during the reversal learning stage. NT-deficient mice showed enhanced perfor-
mance during the reversal test phase. The performance of the NT-deficient mice indicated 
the significantly more efficient selection of the swimming path (p < 0.05) (Fig. 3.17A) and 
a significantly lower absolute direction error (p < 0.005) (Fig. 3.17B). Further analysis 
revealed a significantly shorter distance to current goal (p < 0.05) and an increased time in 
current goal quadrant (p < 0.05) characteristic for NT-deficient mice. A full factorial ANO-
VA indicated a significant difference (p < 0.0001) in the performance of mice with the low-
est weight (weight < 30 g). Due to this, three mice were excluded from further statistics.  
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Fig. 3.17 Spatial learning of the neurotrypsin-deficient mice during the 3rd series of Morris water-
maze test. 
In total, 20 mice (10 Ntwt/10 Ntko; only males) were tested. Mice were trained for 6 consecutive days, on the 
seventh day reversal learning started and continued for next seven days. Each point represents average of 6 
trials. (A) Path efficiency analysis revealed significantly more efficient selection of the swimming path by NT-
deficient mice (p < 0.05). It seems that NT-deficient mice react faster to the new platform position. (B) Abso-
lute direction error as well was affected by genotype; we observed significantly lower level of the direction 
error in NT-deficient mice (p < 0.005). Error bars indicate SEM. A; acquisition, RL; reversal learning, Ntwt: 
wild-type littermate control, Ntko: neurotrypsin-deficient mice. * p < 0.05, ** p < 0.01 by Univariate ANOVA. 
 
 
 
 
 
 
 
 
 
 
3.2.6.2.2 The 4th series of water-maze experiments 
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 To corroborate these promising data, the 4th series of the water-maze test was con-
ducted. The data presented below come from the combination of two independent expe-
riments (3rd and 4th). Each experiment was introduced as one of the variable in the ANOVA 
calculation and presented minor effects; it may suggest that the baselines in the two expe-
riments were different. We decided to combine two experiments and leave the experiment 
as one of the factors in a statistical model.  
The detailed analysis confirmed the previous results, indicating that NT-deficient mice 
show undisturbed and rapid acquisition of a first platform position (Tab. 16). The escape 
latency examination defines a significantly shorter swimming time (p < 0.05) during the 
reversal learning phase in NT-deficient mice (Fig. 3.18A). A closer analysis of single day 
showed no genotype x trial or genotype x day interactions. This means that statistically all 
trials and days contributed similarly to the genotype effect. It seems that, over time, the 
wild-type mice are able to reach the same high level performance as the NT-deficient mice. 
Both genotypes reached a performance plateau starting from the fourth day of the reversal 
phase. The accurate analysis of the direction towards the goal; absolute direction error 
(Fig. 3.18B) (Tab. 17) and path efficiency (Fig. 3.18C) (Tab. 18) suggests that NT-deficient 
mice probably used a different strategy to get to the goal. They were significantly better at 
finding the platform during the reversal learning. NT-deficient mice were significantly 
more accurate in choosing the right direction to the goal (p < 0.0001), and their path to-
wards the platform position was significantly more efficient (p < 0.05).  
Additional analysis of the time in the current goal quadrant (Fig. 3.18D) and the dis-
tance to the current goal (Fig. 3.18E) revealed further meaningful differences in spatial-
oriented behavior of the NT-deficient mice. On average they spent significantly more time 
in the quadrant with the platform (p < 0.05) (Tab. 19) and showed a significantly shorter 
distance to the goal (p < 0.05) (Tab. 20) already during the acquisition phase. Those differ-
ences increase with time, during the reversal learning phase, in regard to distance to the 
current goal (p < 0.001), and stay at a comparable level in the case of time in the current 
goal quadrant (p< 0.05). Again, a full factorial ANOVA assay revealed no genotype x trial or 
genotype x day interaction. Similar to the escape latency analysis, both genotypes seemed 
to reach a performance plateau after the fourth day of the reversal learning and at the end 
of the experiment wild-type mice reached the same performance level as the NT-deficient 
mice.  
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Fig. 3.18 Neurotrypsin-deficient mice show enhanced ability to find the hidden platform during rever-
sal learning stage 
In total, 26 mice (13 Ntwt/13 Ntko; only males) were tested. Both genotypes show improvement within days 
across the acquisition and reversal learning phases (p < 0.0001). (A) NT-deficient mice showed a significant 
shorter swimming time during the reversal learning phase (p < 0.05). They were able to find the hidden plat-
form faster than wild-type mice. (B) During the reversal learning, NT-deficient mice showed a significantly 
lower direction error (p < .0.0001) in comparison to the wild-type mice. This suggests that they chose the right 
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direction to the goal more precisely, and this ability seemed to improve over time. (C) The swimming path of 
the NT-deficient mice was significantly more efficient (p < 0.05) than the one chosen by the wild-type mice. (D) 
NT-deficient mice on average spent more time in the current goal quadrant during the acquisition (p < 0.05) 
and reversal learning (p < 0.05). (E) During the acquisition phase NT-deficient mice showed a significantly 
shorter distance to the current goal (p < 0.05). This difference increased during the reversal learning this (p < 
0.001). A; acquisition, RL; reversal learning, Error bars indicate SEM. Ntwt: wild-type littermate control, Ntko: 
neurotrypsin-deficient mice. * p < 0.05, ** p < 0.01, **** p < 0.0001 by Univariate ANOVA. 
 
Further detailed time in quadrant analysis revealed no significant difference between ge-
notypes during the first 30 seconds of the first and the second trial of the reversal learning 
phase (Fig. 3.19A-B). During the first 30 seconds of the first reversal learning both groups 
of mice preferred old goal quadrant (Fig. 3.19A). Further analysis of the first 30 seconds of 
the second trial again revealed no significant difference between genotypes concerning 
quadrant preference (Fig. 3.19B). 
In conclusion, quadrant analysis of the first 30 seconds of the first and the second trial 
of the reversal learning revealed preference to the old goal quadrant. We did not observe 
genotype x trial correlation. On average NT-deficient mice had the capacity to significantly 
better localization of the platform already during the acquisition phase (time in current 
goal quadrant/distance to the current goal). Furthermore, NT-deficient mice were signifi-
cantly more successful in localizing a new platform position during the reversal stage.  
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Fig. 3.19 Quadrant analysis. Time in quadrant (%). 
Quadrant analysis shows % of time spent in each quadrant of the maze during the first two days of reversal 
learning. (A) The first 30 sec of the first reversal learning trial (37th trial). On average mice spent most of the 
time in the old goal quadrant. Genotype does not affect quadrant preference. (B) The first 30 sec of the second 
reversal learning trial (38th trial). Mice continued to spend a greater % of time in the old goal quadrant, but 
tendency towards new goal and old left quadrant can be observed. Genotype does not affect quadrant prefe-
rence. Error bars indicate SEM. Ntwt: wild-type littermate control, Ntko: neurotrypsin-deficient mice. 
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3.2.6.3 Enhanced locomotor activity does not influence performance in 
water-maze 
 
Our previous studies showed that NT-deficient mice present elevated locomotor activ-
ity which may influence tests such like Morris water-maze.  
The primary analysis of the data from 3rd and 4th series indicated that there was no differ-
ence across days in the distance traveled to the goal (Fig. 3.20A), confirming that both ge-
notypes travelled an equal distance during the whole experiment (acquisition and reversal 
learning stage) (Tab. 21). The swim path analysis assured that, despite the increased activ-
ity of NT-deficient mice (general activity results), they did not show an extended travel 
distance (Fig. 3.20B). Both groups of mice presented significant improvement within days 
(p < 0.0001) during the acquisition and reversal phases of the test (Tab. 22). This outcome 
confirms that water-maze test results are independent of mice locomotor activity. None of 
the genotypes showed a tendency towards swimming next to the wall of the maze con-
firming no anxiety-like inclination (Fig. 3.11C) (Tab. 23).  
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Fig. 3.20 There is no difference in distance traveled to the goal between neurotrypsin-deficient and 
wild type mice. None of the genotypes showed an elevated anxiety level. 
In total, 26 mice (13 Ntwt/13 Ntko) were included in the statistics. Each graph was divided into two parts, 
with a black line, representing a 6 day acquisition period and a 7 day reversal learning phase. (A) A beeline 
start-goal is a control measurement indicating that, during both phases and across all days of the experiment 
both genotypes had exactly the same distance to travel. (B) The swim path analysis represents distance tra-
veled to get to the goal. Genotype does not affect swim path. (C) Both genotypes spent similar amount of time 
next to the wall, thus there are no tendencies toward anxiety-like behavior. A; acquisition, RL; reversal learn-
ing. Data were analyzed using Univariate ANOVA. Error bars indicate SEM. Ntwt: wild-type littermate control, 
Ntko: neurotrypsin-deficient mice. 
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3.2.7 Neurotrypsin-deficient mice show undisturbed pattern of the fear 
extinction 
 
The water-maze results suggested that the better performance of NT-deficient mice 
during reversal learning could be the result of a weaker memory trace that was generated 
by the previously learned task. According to this hypothesis the NT-deficient mice would 
not need to extinguish previously acquired information to perform better in changed spa-
tial task. Therefore, we were interested in observing results of the fear extinction test in 
NT-deficient mice. Will NT-deficient mice show facilitation in memory extinction? The 
purpose of a fear extinction test is to decrease the previously acquired response to the CS 
with a noxious US pairing. Continued presentation of the non-reinforced CS (tone) should 
result in a progressive decrease of the conditioned fear response (Herry et al 2010).  
Our results indicated highly significant acquisition of a fear response (p < 0.0001) 
equal for both genotypes (Fig 3.21A-C). The above outcome is similar to the previous re-
sults shown in fear conditioning paradigm (Tab. 24-26). To analyze extinction of previous-
ly acquired response mice were placed in the same apparatus, but with changed inside, so 
that mice would consider it a new environment. Extinction analysis revealed rapid and 
unaffected by genotype extinction of the fear response (Fig. 3.21D) (Tab. 27). Recovery of 
fear-related response was represented by the difference between E5 block of the first day 
and E1 block of the next day (Fig. 3.21E). The analysis of recovery revealed no significant 
difference in freezing level between genotypes. The re-extinction process (E2-E5) (Fig. 
3.21E) was unaffected by genotype (Tab. 28). 
Concluding, the fear extinction test did not present the hypothesized effect. NT-deficient 
mice showed an undisturbed patter of extinction. 
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Fig. 3.21 Neurotrypsin-deficient mice show normal fear extinction pattern 
After the fear conditioning paradigm (A-C) mice underwent two days of the extinction protocol. Results were 
grouped into the session blocks (E1, E2, E3, E4, and E5), each block included four tone presentations with a 2 
sec break in between. E0 represents freezing level (baseline) during the first 70 sec without tone presentation. 
(D) The first day of fear extinction protocol. Extinction was rapid and unaffected by genotype. (E) The second 
day of extinction protocol. The difference between E5 of the first day and E1 of the next day represents recov-
ery, in this case not affected by genotype. The next four blocks represent re-extinction; no difference between 
genotypes was noted. Error bars indicate SEM. Ntwt: wild-type littermate control, Ntko: neurotrypsin-
deficient mice. 
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3.2.8 Hippocampus/striatum cooperation during double dissociation water-
maze experiment 
 
It has been demonstrated that learning and memory is cooperatively performed by 
multiple memory systems residing in distinct brain areas (Packard et al 1989). Learning 
associated with cue recognition depend on the striatum, whereas acquisition of spatial 
information relies on the hippocampus(Yin & Knowlton 2006). When, during the water-
maze, an animal has two possible strategies that lead to the goal, then the hippocampus-
dependent strategy is used first whereas striatum-dependent automatic skills overcome 
the previous strategy and start to dominate after extensive training (Lee et al 2008). Based 
on our initial hypothesis, NT-deficient mice exhibit an impairment of their hippocampal 
function, which facilitates a faster conversion to habit. Therefore, we were interested in 
observing the learning pattern of NT-deficient mice after exposing them to a water-maze 
task that can be resolved using both systems. We hoped that because of the impairment in 
their hippocampal function, NT-deficient mice will preferably choose the cue learning 
strategy and thus present a faster switch to habit. 
The two cue water-maze test was conducted according to the protocol of Lee. Lee was 
able to demonstrate that lesions of the dorsal striatum impair cue learning and enhance 
spatial learning. In contrast, lesions of dorsal hippocampus impair spatial learning and 
potentiate cue acquisition (Lee et al 2008). However, our results revealed no significant 
difference between genotypes. Analysis of the escape latency during the first phase of the 
one cue presentation indicated that escape latency decreased (p < 0.0001) equally for both 
genotypes (Tab. 13), indicating that learning occurred and was not affected by genotype 
(Fig. 3.22A). Further swim time analysis during cue discrimination (only training trials) 
(Tab. 14) indicated that there was no significant decrease across days; meaning that there 
was no further learning across days (Fig. 3.22B). Repeated analysis of escape latency, this 
time during the cue discrimination phase, showed no effect of the genotype. The analysis 
of the distance to the cue was performed across all three probe trials (Tab. 12). On aver-
age, independent of genotype mice were closer to the distractor cue (Fig. 3.22C). This ten-
dency did not change across all three probe trials. Similar results were found by the analy-
sis of the time in quadrant (data not show).  
NT-deficient mice were able to learn the task as efficiently as wild-type mice, and they 
did not present any difference during the presentation of the cue. For unknown reasons, 
both groups of mice preferred the distractor cue more than the correct cue, even though 
mice were divided into two groups, with either a vertical or a horizontal striped cylinder 
as the correct cue. This was done to avoid a greater preference of one of the cues by the 
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animals. In conclusion, I was not able to support my hypothesis by applying this experi-
ment. 
 
 
 
Fig. 3.22 A double dissociation water-maze showed no changes in the neurotrypsin-deficient mice in 
regard to hippocampus/striatum cooperation  
A double dissociation experiment includes 5 consecutive days of shaping; mice acquire the ability to find a 
platform hidden under water and marked with a grey cylinder. Each mouse was exposed to the platform once 
in each quadrant in pseudo-random order. During the next 7 days, mice were exposed to two different cues. An 
escape platform was placed in the centre of a quadrant and was marked with stripes (the goal cue). The other 
striped cylinder (the lure cue) was placed in adjacent a quadrant. The lure cue did not allow the animal to 
escape from the water. In total 30 mice (11 males/19 females; 13 Ntwt/17 Ntko) took part in this experiment. 
(A-B) Escape latency (sec) (A) Escape latency during the shaping decreased independently of genotype indi-
cating that learning occurred and was not affected by genotype (p < 0.0001, by ANOVA). (B) Escape latencies 
during cue discrimination phase were not affected by genotype. There was no significant decrease across days, 
indicating that there was also no learning across days. (C) The distance to the cue was analyzed over 3 probe 
trials (no platform for escape was provided) that were equally spread throughout the training phase (10th, 
12th, and 14th day). The distance to the cue across all trials was equal in both genotypes. Both genotypes were 
on average closer to the distractor cue (p < 0.05, by ANOVA) g; goal, d; distractor. Error bars indicate SEM. 
Ntwt, CON: wild-type littermate control, Ntko, MUT: neurotrypsin-deficient mice. 
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3.2.9 Neurotrypsin deficiency does not facilitate a faster switch to habit 
 
The T-maze test in our laboratory was designed to observe the transition from hippo-
campus-dependent place learning to caudate-dependent response learning. This transition 
occurs due to extended training of mice to approach a consistently baited arm in a cross-
maze, starting from the same start box. During a single probe the test mouse is placed in 
the start box on the opposite site to the one used during training. Mice which entered the 
correct arm during the probe trial are place learners and mice which entered unbaited 
arm are response learners. Mice subjected to prolonged over-training showed the tenden-
cy towards caudate-related response learning.  
We conducted two series of the T-maze test, which differed in the number of possible ter-
minations of the trial. The 1st series, due to the system settings, allowed us to observe only 
three possible outcomes of the: the trial was rated as terminated successfully, when the 
mouse poked its nose into the correct arm and as a result was rewarded with a sugar pel-
let. The trial was rated as time out, when the mouse did not manage to reached the goal in 
the specified time. The rating moving error indicated that the mouse did not move. During 
the 2nd series of the T-maze test, changes that were made to the SOF-700RA-9 testing 
software in order to allow us to observe the fourth type of trial termination namely, deci-
sion error. The rating decision error indicated that the mouse chose the wrong arm and 
poked its nose into the head detector, an action that was terminated without any reward 
(Fig. 3.25A). The introduced changes allowed us to observe which arm the mouse visited 
first. Both rounds presented similar tendencies but in some cases differed in the activity 
level. 
 
3.2.9.1 The 1st series of the T-maze test showed a reduced number of successfully 
reached goals in NT-deficient mice 
 
The T-maze test was conducted in our laboratory to definitively confirm or rule out 
the hypothesis that NT-deficient mice exhibit a facilitated switch to habit formation.  
Results from the 1st series of the T-maze test revealed wild-type mice to be significantly 
more successful in goal reaching (Fig. 3.23A) than NT-deficient mice, but only during train-
ing phases (p < 0.01; 1st training phase, p < 0.05; 2nd training phase). No difference be-
tween genotypes was observed during probe trials (Tab. 30). The detailed analysis of sin-
gle day performance revealed a lack of improvement over test days. Over time, mice across 
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both genotypes showed a tendency to be less interested in the reward, consequently their 
performance decreased and they tended to commit more errors (data not show).   
In addition, results from the 1st series revealed no significant difference between geno-
types in latency to reach the goal (Fig. 3.23B) (Tab. 29).  
In conclusion, both genotypes showed tendency towards lesser interest in the reward. 
What more, NT-deficient mice show reduced number of successfully reached goals during 
training phases. 
 
 
 
Fig. 3.23 The 1st series of T-maze 
test 
The 1st series of the T-maze test. T-
maze test was divided into four 
phases: two training phases: from 
1st to 6th day and from 8th to 11th 
day, and two probe trials (pt) in 
between the first and second train-
ing phase and at the end of the 
second training phase. In total 20 
male mice (11 Ntwt/9 Ntko) partici-
pated in the 1st series of the T-maze 
test. 
(A) NT-deficient mice showed signif-
icantly reduced ability to reach a 
goal during both training sessions. 
No difference between genotypes 
was observed during probe trial. 
(B) Independent of genotype, mice 
show equal time to reach a goal and 
no improvement across training 
sessions.  
Error bars indicate SEM. Asterisks 
indicate significant difference between genotypes, *p < 0.05, ** p < 0.01; by Univariate ANOVA. Ntwt: wild-type 
littermate control, Ntko: neurotrypsin-deficient mice. 
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3.2.9.2 The 2nd series of experiment suggested locomotor activity influence on the 
T-maze test 
 
In contrast to the 1st series results, the 2nd series of T-maze test revealed no significant 
difference between genotypes in number of successfully reach goals (Fig. 3.24A). The 
number of times the goal was successfully reached during the training phases was much 
lower than during the 1st series, whereas in the case of the probe trials, it stayed at a simi-
lar level (Tab. 32). Similar differences in level of behavior across both cohorts have been 
previously observed in our lab. A high variability means that these kinds of tests are highly 
sensitive to any changes. Although we were meticulous in our design to create an equal 
environment, we are not able to avoid differences between cohorts. 
Further analysis revealed differences between successive sessions as well in case of time 
to goal. During the first training phase and the second probe trial of the 2nd series NT-
deficient mice needed significantly less time to get to the baited arm (p < 0.05) than wild-
type mice (Fig. 3.24B). There was no significant difference observed during the second 
stage of training (Tab. 31). The above results, especially the one concerning the second 
probe trial, may suggest that after extensive training NT-deficient mice had already 
reached the habit formation phase. Automatization of the skill results in faster and more 
efficient performance. Another, more likely explanation may be that NT-deficient mice 
show elevated locomotor activity, which may result in a shorter time to get to the goal. 
Unfortunately, the setup of the apparatus did not allow us to analyze animal speed. 
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Fig. 3.24 Te 2nd series of T-maze 
test 
The 2nd series of the T-maze test. T-
maze test was divided into four phas-
es: two training phases: from 1st to 
5th day and from 7th to 11th day, and 
two probe trials (pt) in between the 
first and second training phase and at 
the end of the second training phase. 
In total 20 male mice (10 Ntwt/10 
Ntko) participated in the 2nd series of 
the T-maze test. 
(A) No difference between genotypes 
in number of successfully reached goal 
was observed. Independent of geno-
type, mice show decreasing interest in 
reaching the goal.  
(B) NT-deficient mice presented sig-
nificant increased latency to goal 
during the first training phase and the 
second probe trial. 
Error bars indicate SEM. Asterisks 
indicate significant difference between genotypes, *p < 0.05, by Univariate ANOVA. Ntwt: wild-type littermate 
control, Ntko: neurotrypsin-deficient mice. 
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3.2.9.2.1 The 2nd series of the T-maze test indicated that neurotrypsin-deficient 
mice do not display facilitated response learning 
 
According to our hypothesis NT-deficient mice would show a facilitated switch to ha-
bit, their place learning preference would be overcome by the response learning. It is very 
important to mention that habit induction in mice is an extremely long process, requiring 
much more training time than in rats (Yerkes & Dodson 1908). 
The analysis of the first arm entry revealed that during the training phase, the choice of 
arm was identical for both genotypes (Fig. 3.25B). The number of correct arm entries in 
the case of the NT-deficient mice, remained constant across all three experimental phases, 
indicating that the training provided was not quite sufficient for habit induction in these 
mice. 
In conclusion, the above results indicate that, probably due to their elevated locomotor 
activity, NT-deficient mice showed a significantly shorter time to reach the goal. However, 
their ability to reach the goal successfully is reduced in comparison to the wild-type mice. 
This result suggests that NT-deficient mice were not able to acquire the ability to choose 
the correct arm, in order to be rewarded, as efficiently as the wild-type mice did. Both ana-
lyses were conducted twice and presented high variability between rounds. The first arm 
entry assay revealed no genotype effect.  
We were not able to observe clear difference between spatial and response learning. The 
T-maze results definitively refuted our hypothesis of the facilitated transient from the A-O 
model into S-R behavior. 
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Fig. 3.25 First arm entry during training and both probe trials. 
(A) Schematic representation of the T-maze apparatus. The light grey rectangle represents the start box from 
which the mouse starts the trial. Red arrow represents two possible directions to turn. Four blue rectangles 
represent I/R photobeams sensors detecting right or left turn. Both arms of the maze end with nose poke 
detectors (dark grey rectangles) and pellet dispensers (black circles). (B) The first arm entry analysis shows 
which arm the mouse decided to turn at first. Analysis was divided into three phases: training, as an average of 
first and second training phase, and first and second probe trials. No difference between genotypes was noted. 
Error bars indicate SEM. Data was analyzed using Univariate ANOVA, data was divided according to the test 
phase: training, first and second probe trial. Ntwt: wild-type littermate control, Ntko: neurotrypsin-deficient 
mice 
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4 DISCUSSION 
4.1 Neurotrypsin-dependent agrin cleavage and its contribution 
to the formation of dendritic filopodia 
4.1.1 Neurotrypsin-dependent cleavage of agrin requires postsynaptic 
activation 
 
Our findings suggest that NT-dependent agrin cleavage requires postsynaptic activity. 
Studies using neurotrypsin-pHluorin show that depolarization drives synaptic exocytosis 
of NT and induces the refilling of the intracellular NT store (Frischknecht et al 2008). Fur-
ther analysis of agrin-90 as a reporter of NT activity revealed that blockage of the presy-
naptic P/Q- and N-type calcium channels with ATX and CTX, respectively, results in the 
inhibition of NT externalization (Matsumoto-Miyai et al 2009). NT is released from the 
presynaptic terminal as inactive precursor, which has a typical zymogens activation site at 
which the protease is cleaved and activated. The protease domain remains connected to 
the N-terminus by the disulfide bridge. Our results revealed that full functionality of NT 
requires postsynaptic activation. The mechanism underlying NMDA-dependent NT activa-
tion remains unexplained.  
During our experiments we applied two types of chemical stimulation: TEA and PFR. 
Previous studies showed that chemically induced LTP is sufficient to stimulate molecular 
mechanisms, which underlie synaptic plasticity (Luzhkov & Aqvist 2001; Otmakhov et al 
2004). Application of above stimulations to the hippocampal CA1 region induces LTP 
without additional electrical stimulation (Otmakhov et al 2004; Ramakers et al 2000). TEA 
stimulation was successfully used in studies concerning dual mechanism of LTP (Huang & 
Malenka 1993). Results of these stimulations indicate that blockage of the AMPA and 
NMDA receptors, during TEA and PFR stimulation, with CNQX and MK801 inhibitors, re-
spectively, prevented agrin cleavage. Furthermore, selective inhibition of L-type VDCC in 
the case of TEA stimulation resulted in a significant decrease of agrin cleavage. In contrast, 
only non-significant reduction of the PFR-induced agrin cleavage was observed. Therefore, 
TEA-induced generation of agrin-90 revealed a contribution by NMDA and L-type VDCC 
receptors, whereas PFR-induced LTP depended only on the NMDA receptor activity. These 
results are consistent with previous studies showing existence of compound LTP, charac-
terized by two distinct induction mechanisms and different signal transduction cascades, 
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one relying on both NMDA and L-type VDCC receptors, whereas the other relies only on 
NMDA receptors (Cavus & Teyler 1996; Hanse & Gustafsson 1994; Morgan & Teyler 1999). 
The activity-dependent formation of filopodia presented a similar pattern, which sug-
gested a close correlation between NT-dependent agrin cleavage and activity-dependent 
filopodia formation. 
Our findings strongly suggest that the NT/agrin system may be considered as a coinci-
dence detector for pre- and postsynaptic activation. Previous studies on LTP mechanisms 
have implicated the role of coincident pre- and postsynaptic activity in the LTP induction 
process (Bourne & Nicoll 1993). In 1949, Donald Hebb proposed that correlated activity of 
pre- and postsynaptic neurons can result in the strengthening or weakening of existing 
synapses (Hebb 1994). Based on these findings, NMDA receptors can be viewed as a mole-
cular coincidence detector of glutamate release and postsynaptic depolarization.  
Our studies confirm the role of the NMDA receptors as a detector of coincidence pre- and 
postsynaptic activity. In the case of PFR-induced LTP, NMDA-dependent LTP (Otmakhov et 
al 2004), the depolarization-dependent removal of the Mg2+ block was inhibited by selec-
tive AMPA receptor antagonist CNQX. Additionally, application of NMDA receptor antagon-
ist MK801 does not allow the channel to serve as a detector for the coincidence of presy-
naptic activation. In contrast, in TEA-induced LTP, which depends on the NMDA and L-
type VDCC receptors, NT-dependent agrin cleavage was inhibited by both MK801 and ni-
fedipine. Thus, together these results confirm that the NT/agrin system fulfilled the condi-
tions, which underlies the coincidence requirement for LTP. 
 
 
4.1.2 The neurotrypsin-dependent 22 kDa fragment of agrin is essential for 
the formation of filopodia 
 
Our detailed studies on the functional role of the NT-dependent agrin fragments cha-
racterized agrin-22 as a mediator of the filopodia-generating response associated with 
LTP. In NT-deficient mice cleavage of agrin by NT was completely abolished, therefore no 
activity-dependent filopodia formation was found. However, we were able to restore filo-
podia formation by exogenous administration of agrin-22. Therefore, we postulate that 
agrin-22 may be one of the regulatory factors generated via proteolysis of extracellular 
matrix proteins. Our results are in accordance with previous studies that reported about a 
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regulatory role of extracellular proteolysis for synaptic plasticity (Shiosaka & Yoshida 
2000). 
 The most prominent representatives among serine proteases in the hippocampus are 
neuropsin and the plasminogen activators. Neuropsin is a member of the large kallikrein-
like multigene family. Its extracellular proteolytic activity is modulated by an NMDA-
dependent signaling system (Matsumoto-Miyai et al 2003). Neuropsin cleaves L1cam 
(immunoglobulin superfamily adhesion molecule) during the early phase of LTP.  
Human tPA is a serine protease originally know as a fibrinolytic protease converting plas-
minogen into the active protease plasmin (Collen et al 1993). The function of tPA depends 
on the brain-derived neurotrophic factor (BDNF), which stimulates its expression and 
release (Fiumelli et al 1999). Behavioral studies of tPA-deficient mice revealed a signifi-
cant impairment in inhibitory avoidance and context conditioning learning (Calabresi et al 
2000; Pawlak et al 2002). 
 Our findings imply that agrin-22 is a molecule responsible for activity-dependent gen-
eration of dendritic filopodia. None of the other NT-dependent agrin fragments (agrin-90 
and agrin-110) were able to restore abolished filopodia formation in NT-deficient mice. 
The receptor mediating the downstream signaling of agrin-22 remains unclear. Studies on 
NMJ indicated that agrin is a nerve-derived factor that induces reorganization at the motor 
endplate. At the NMJ, the agrin signal is mediated via the low density lipoprotein receptor-
related protein 4 (Lrp4) (Kim et al 2008). Lrp4 forms complex with tyrosine kinase MuSK 
and myotube-specific accessory component (DeChiara et al 1996; Glass et al 1996), result-
ing in synapse formation, reorganization of the postsynaptic membrane, and presynaptic 
differentiation. Mice lacking either agrin or MuSK exhibit severe defects in their NMJ 
(DeChiara et al 1996; Gingras et al 2007; Ksiazek et al 2007).  
In contrast, in the CNS the α3 subunit of the Na+/K+-ATPase (α3NKA) was identified as a 
neuronal receptor for agrin. As a result of agrin binding to the α3NKA, inhibition of its 
pump function was observed, thus suggesting a depolarizing agrin function on CNS neu-
rons (Hilgenberg et al 2006). Further research concerning the agrin receptor and its 
downstream signaling in the CNS are required. 
 In summary, we demonstrated that NT is crucial for agrin cleavage and, as a result of 
agrin-22, we observed LTP-dependent formation of dendritic filopodia in the CA1 hippo-
campal region. Referring to previous in vitro research indicating agrin as a modulator of 
filopodia formation in the CNS (Annies et al 2006; McCroskery et al 2006) we propose the 
NT/agrin system as a mediator of LTP associated synapse formation. Numerous in vitro 
studies on hippocampal and cortical neurons have demonstrated that reduction of agrin 
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expression strongly affects synaptic differentiation (Bose et al 2000; Serpinskaya et al 
1999). 
According to the widely accepted hypothesis, dendritic filopodia are considered as an im-
mature form of synapse (Holtmaat et al 2008; Knott et al 2006). Formation of new filopo-
dia is strongly correlated with expression of NMDA-dependent LTP. Observation of cul-
tured neurons in vivo showed that dendritic spines, which were formed by motile newly 
formed filopodia, become stable over time (Vaughn et al 1974; Ziv & Smith 1996). Further 
examination of axo-dendritic synaptogenesis indicated that newly formed filopodia tended 
to initiate physical contact with nearby axons and, thus became direct precursors of den-
dritic spines (Ziv & Smith 1996). The above findings suggest that activity-dependent for-
mation of filopodia may by crucial for the rearrangement of neural circuits, thus affecting 
memory and learning. Recent imaging studies revealed that extensive motor learning (ac-
celerating rotating rod (Yang et al 2009) and single seed reaching (Xu et al 2009)) pro-
motes remodeling of pre-existing neuronal connections. Motor training promotes rapid 
formation of postsynaptic dendritic spines within an hour. The newly formed spines are 
stabilized during subsequent training and contribute to lifelong memories. These findings 
indicate the role of synaptic structural plasticity in memory formation and triggered our 
interest in the behavioral phenotype of NT-deficient mice. 
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4.2 The role of the neurotrypsin/agrin system in learning 
processes in the adult CNS 
4.2.1 Undisturbed multiple memory systems cooperation in neurotrypsin-
deficient mice  
 
In the previous chapter we presented arguments supporting why NT-dependent 
agrin cleavage and formation of agrin-22 may be considered as a detector for coincident 
pre- and postsynaptic activity. Now we will discuss the role of the NT/agrin interaction as 
a regulatory system in learning and memory processes.  
The preliminary rotarod results suggested faster facilitation of habit formation in NT-
deficient mice as a result of an impairment in the hippocampus function. Unfortunately, 
high variability in the subsequent series of rotarod tests precluded conclusions about the 
capacity of motor skill learning of NT-deficient mice. This kind of high variability between 
our subsequent rotarod tests was in accordance with previous study showing that high 
variability even of individual animals is characteristic for motor learning paradigms 
(Buitrago et al 2004a). In addition, the rotarod test is characterized by high sensitivity to 
the task parameters, such as the difference in acceleration and fixed-speed parameters, as 
well as differences in the laboratory environment (Bohlen et al 2009; Rustay et al 2003). 
Our results concerning front limb grip strength indicated no difference between genotypes 
but significant age-related weakening of the front limb. Earlier studies shed light on the 
importance of muscle strength in the case of motor tests. Study on myostatin clearly dem-
onstrated that increased muscle mass, and thus elevated muscle strength, significantly 
improved rotarod performance (Bogdanovich et al 2008). Our grip strength results ex-
cluded any muscle effect on the rotarod test.  
Further motor learning studies using the staircase test showed no difference in reaching 
and grasping abilities between wild-type and NT-deficient mice. The staircase test is sensi-
tive to lesions of the striatum (Fricker et al 1996) and the motor cortex (Montoya et al 
1990; Montoya et al 1991) rather than malfunction of the hippocampus. In case of facili-
tated transit to habit formation we expected to observe an increased number of success-
fully collected sugar pellets by NT-deficient mice. A previous rat study showed evidence of 
goal-oriented and habit learning in reaching and grasping tests (Gholamrezaei & Whishaw 
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2009). Our initial hypothesis that NT-deficient mice exhibit an increased vulnerability to 
over-training and, therefore, show a facilitated transit from goal-oriented (A-O model) to 
habit (S-R) behavior was eventually ruled out by the results of our T-maze tests. 
4.2.2 Age-related effects on memory consolidation in neurotrypsin-deficient 
mice 
 
 The rotarod test allows to assess intrasession and intersession learning. The protocol 
allowed us to keep track of the differences between the training trials of the previous day 
in order to compare them with the first trials of the next day, and as a result we could fol-
low any overnight drop in the performance level. The collected data revealed that NT-
deficient middle-aged mice present a significantly greater overnight drop in comparison to 
wild-type mice. Our further studies confirmed that NT-deficient mice showed no distur-
bance in memory consolidation after fear conditioning, although we suspected the pres-
ence of neurological changes to appear with advancing age. Numerous studies have docu-
mented a broad range of age-related motor performance deficits in laboratory animals 
(Carlsson 1978; Ingram et al 1981; Joseph et al 1978). The causes of age-related changes 
are not fully understood but there are a few widely accepted theories. One of the crucial 
elements in motor-dependent tasks is the cerebellum. The age-associated decrease of ce-
rebellar Purkinje cells (Larsen et al 2000) combined with reduced functional efficiency of 
the hippocampus (Barnes 1999) are responsible for reduced motor learning at advanced 
age. Another potential mechanism correlated with age-dependent changes in motor beha-
vior is reduced angiogenesis in the hippocampus (Black et al 1989). Behavioral studies 
indicated the role of angiogenesis in new motor tasks acquisition (Kerr et al 2010). Nu-
merous postmortem and computed tomographic studies indicate a reduced weight and 
size of the brain in elderly human and an increase in ventricular size, especially after 60 
years (Cutler et al 1984; Dekaban 1978). In addition, research on familial Alzheimer dis-
ease (FAD) revealed the role of presenilin 1 (PS1) in age-dependent impairment of spine 
morphology and synaptic plasticity in the CA1 hippocampal region (Auffret et al 2009). 
PS1 is a family member of the multi-pass transmembrane proteins. The result of PS1 clea-
vage is a large N-terminal and small C-terminal fragment, which together form a functional 
protein (De Strooper et al 1998). The overexpression of PS1 results in synaptic dysfunc-
tion in aging mice (Auffret et al 2009).  
Previous behavioral studies using NT-deficient mice demonstrated decreased acti-
vation of CREB in hippocampal neurons 90 min after Morris water-maze training (Mitsui 
et al 2009). The cAMP responsive element binding protein (CREB) is a nuclear protein, 
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which modulates transcription of genes (Brindle & Montminy 1992; Sassone-Corsi 1995). 
Increased concentration of cAMP or calcium starts the phosphorylation and activation of 
CREB (Gonzalez & Montminy 1989). Rat studies using social transmission of food prefe-
rences revealed that lower activation of CREB after training may cause a rapid forgetting 
in aged animals (Countryman & Gold 2007). Furthermore, mice lacking CRAB protein ex-
hibited abnormal long-term, but not short-term memory (Kogan et al 1997). Previous stu-
dies suggested that CREB is crucial for the conversion of short-term potentiation to long-
lasting memories (Dash et al 1990; Silva et al 1998). The reported effect of CRAB activa-
tion could explain the higher overnight drop observed during the rotarod test in the mid-
dle-age and aged NT-deficient mice.  
 
4.2.3 Neurotrypsin-deficiency enhances spatial learning ability 
 
Many previous studies demonstrated that LTP underlies activity-dependent plasticity 
in the hippocampal system linking structural changes with processes of learning and 
memory formation (Bliss & Gardner-Medwin 1973; Grant et al 1992; Morris et al 1986). 
Our studies, applying electrophysiological stimulation to the Schaffer collaterals and re-
cording of the elicited synaptic responses in the CA1 region revealed intact LTP in NT-
deficient mice (Matsumoto-Miyai et al 2009). Nonetheless, NT-deficient mice showed en-
hanced spatial learning and elevated locomotor activity compared to wild-type mice.  
Previous studies revealed that elevated coincidence of pre- and postsynaptic activa-
tion in the synapses can be correlated with enhanced learning. Overexpression of the 
NMDA receptor 2B (NR2B) resulted in increased activation of NMDA receptors and, thus, 
transgenic mice exhibited elevated long-term memory, faster extinction of previously ac-
quired paired events, and better learning during the water-maze hidden-platform test 
(Tang et al 1999). Similar improvement in finding the platform was exhibited by mutant 
mice lacking the DNA fragmentation factor 45 (DFF45). Transgenic mice showed a shorter 
mean path length and shorter distance from the platform than wild-type mice (Slane et al 
2000). DFF45 is one of the factors forming the heterodimeric protein complex responsible 
for DNA fragmentation during the apoptosis process (Enari et al 1998). In conclusion, both 
NR2B and DFF45 are considered important for plasticity and memory formation, respec-
tively. Their overexpression or deficiency affects the ability to learn during various beha-
vioral tests. The only published study concerning behavioral aspects of NT in the adult 
CNS revealed prolonged interest in a familiar mouse and longer social interaction with an 
intruder mouse in social-related tests. Furthermore, Golgi-Cox staining in NT-deficient 
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mice indicated decreased spine density on apical dendrites of the hippocampal CA1 region 
(Mitsui et al 2009). The above observation in changed spine number is consistent with our 
studies on filopodia formation in secondary apical dendrites. Our studies showed that NT-
dependent formation of agrin-22 is crucial for the formation of the dendritic filopodia 
(Matsumoto-Miyai et al 2009) and filopodia are considered precursors of nascent spines. 
Numerous developmental studies showed that immature dendrites tend to form a large 
amount of highly motile dendritic protrusions, called filopodia. These immature structures 
intensively extend and retract exploring neuropil looking for possible presynaptic partner 
to create synaptic connection (Dunaevsky & Mason 2003; Jontes & Smith 2000; Yuste & 
Bonhoeffer 2004; Ziv & Smith 1996). Further studies indicated that adult brain is not so 
inflexible as considered at the beginning. Similar behavior of motile dendritic filopodia 
was observed during the adult synaptic plasticity (Engert & Bonhoeffer 1999; Maletic-
Savatic et al 1999). The number of filopodia decreases with time, as they are slowly re-
placed by stubby and mushroom spines (Fiala et al 1998). The process of development 
consists of delivery, via transport vesicles, of molecular complexes into presynaptic mem-
brane. In contrast, molecules necessary for the postsynaptic reorganization are recruited 
from postsynaptic cytoplasm. After initialization of a contact the full maturation process 
requires further accumulation of synaptic vesicles in the presynaptic terminal and neuro-
transmitters recruitment to the postsynaptic membrane (Matus 2005). In adult brain only 
~0.2% of filopodia will be transformed into mushroom spines (Majewska et al 2006), and 
even less, because only ~3% of new population of spines will survive the first month 
(Holtmaat et al 2005). Two-photon time-lapse microscopy confirmed that different types 
of spines originate from filopodia (Parnass et al 2000). What more, experience-dependent 
structural changes observed in the barrel cortex indicated that a novel sensory experience 
enhanced filopodia transition into stable synaptic connection (Holtmaat et al 2006). Ac-
cording to our hypothesis activity-induced filopodia will search for presynaptic contact, 
possibly creating connection with an axon to make a synapse with a de novo generated 
bouton. Newly formed filopodia may as well grow towards already existing spine, develop-
ing postsynaptic specialization (Knott et al 2006). This way multiple spine boutons are 
created resulting at some point in spine elimination. In this manner newly formed filopo-
dia contribute to neuronal plasticity by establishment of novel neuronal circuits. There-
fore, NT/agrin system plays a role in reorganization and stabilization of new connections 
between neurons. 
Recent motor learning-oriented studies revealed a correlation between spine remode-
ling and behavioral improvement after learning. Two-photon imaging of spines in the mo-
tor cortex before and after rotarod training indicated experience-dependent rapid forma-
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tion of spines (Yang et al 2009). A similar effect can be observed after a forelimb reaching 
task (Xu et al 2009). Our behavioral tests, such as the rotarod, water-maze and ACTIVIS-
COPE, indicated elevated locomotor activity and increased learning ability in NT-deficient 
mice. NT-deficient animals demonstrated an increase in time in the current goal quadrant 
and a decrease in the distance to the current goal already during the acquisition phase. In 
addition, NT-deficient mice showed significantly faster recognition of the hidden platform 
after its relocation, i.e. during the reversal learning. We noted that during the first testing 
day, the level of performance in both groups was identical, revealing that the NT-deficient 
mice did not have an advantage over wild-type mice from the beginning of the test. Results 
of the studies concerning dendritic filopodia formation and reversal learning in the spa-
tial-oriented paradigms suggested that abolished formation of new filopodia in NT-
deficient mice may cause the composition of a weaker memory trace or lack of its stabili-
zation during the initial stage of the acquisition. The weaker memory trace may serve as 
an advantage during the reversal phase, because it is easier to overcome in the situation 
when a new solution is necessary.  
In conclusion, NT-deficient mice showed an undisturbed LTP and exhibited an elevated 
level of spatial learning in the water-maze during the acquisition phase. However, the lack 
of NT results in enhanced reversal learning, indicating the importance of NT in experience-
depending formation of memory. In connection to our filopodia studies we propose that 
the NT/agrin system play a homeostatic role during the creation of a strong and long last-
ing memory trace. The mechanisms of action of the NT/agrin system in the adult CNS re-
mains unclear and requires future research. 
 
 
4.2.4 Elevated locomotor activity is characteristic for neurotrypsin-
deficient mice 
 
Our locomotor activity analysis, using the ACTIVISCOPE system, revealed an elevated 
general activity of NT-deficient mice during the dark/active phase. Further analysis dem-
onstrated age-dependent decrease of activity. Previous studies indicated that elevated 
locomotor activity can influence behavioral tests. During the open field and water-maze 
tests hyperactive rats showed an increased number of ambulation, increase number of 
errors. The radial arm maze test revealed increase amount of required training (Akaike et 
al 1991).  
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The results of an activity monitoring differ from those of a previously published, study of 
the behavior of NT-deficient mice. According to Mitsui et al, an open field test indicated 
similar activity levels between motopsin/NT-deficient and wild-type mice (Mitsui et al 
2009). They base their statement on the standard open field test, which consisted of 10 
min sessions for three days, which in reality was a habituation period for the exploratory 
test. Our 24 hour approach, using the ACTIVISCOPE system, allowed us to register mouse 
activity every 10 min for five consecutive days. Only four days are included in our statistic, 
the first day was considered as a habituation period, but if we analyze the first day of the 
locomotor activity test (data not show), then we do not observe any difference between 
genotypes (1st and 2nd round p > 0.5). Therefore, it is justified to claim that only an exact 
and extended method allows for the full analysis of the general activity of NT-deficient 
mice.  
 One of the most common causes of elevated activity is a decreased level of anxiety-like 
behavior. Anxiety can be defined as a response to real or potential threats (Belzung & 
Griebel 2001). Previous research revealed the effect of anxiety levels on posture and bal-
ance during the rotarod test. The rotating beam might be considered by mice as a poten-
tially dangerous situation, and the choice of posture and balance strategies may be due to 
contrasting levels of anxiety. According to these study anxious mice were more prone to 
fall off the rotating beam and showed more imbalance then non-anxious mice (Lepicard et 
al 2003). These results demonstrated that less anxious mice may be predisposed to stay 
longer on the rotating rod, raising the question whether our NT-deficient mice are less 
anxious? A previously published study, using plus maze and light/dark box revealed no 
difference in anxiety-like behavior in motopsin/NT-deficient mice (Mitsui et al 2009). 
However our fear conditioning tests revealed a non-significant tendency towards a de-
creased fear response to the cue. The light-dark transition test performed in our laborato-
ry by F. Molinari indicated that NT-deficient mice spend significantly more time in the light 
compartment (p < 0.05) then wild-type mice (unpublished data). In addition, according to 
literature, C57BL/6J male mice show lower levels of anxiety in comparison to other strains 
(An et al 2011). Furthermore, a significant difference in the anxiety-like level can be ob-
served within strains (Harro et al 1990).  
 Earlier, unpublished studies performed in our laboratory suggested a close correlation 
between NT expression and hyperactivity. They indicated association between NT expres-
sion in the CA1 hippocampus region and hypothyroidism. Hypothyroidism is a condition 
characterized by the deficiency in the production of thyroid hormone. The most common 
reason for this state is iodine deficiency, but it can also be caused by malfunction of the 
thyroid or the pituitary gland, or the hypothalamus (Topliss & Eastman 2004). Fetal and 
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neonatal development is sensitive to the level of thyroid hormone (Gilbert 2004; 
Iannacone et al 2002). Several rodent studies show a link between hypothyroidism and 
attention-deficit/hyperactivity disorder (ADHD)-like behavior (Akaike et al 1991; 
Dugbartey 1998; Negishi et al 2005). In our laboratory we induced prenatal hypothyroid-
ism by application of methimazole with drinking water starting from E9. The methimazole 
effect on the hippocampus was analyzed on P15, in situ hybridization clearly indicated a 
significantly decreased level of NT expression in the CA1 hippocampal region. Unfortu-
nately, we did not check for general activity in these mice. Taking into account the proven 
correlation between hypothyroidism and hyperactivity we can speculate that these mice 
would show an elevated activity level. Elucidating further, NT-deficient mice can not be 
considered as an animal model for ADHD due to a lack of deficits in learning and memory 
processes characteristic for ADHD-like animal models. Overall, our results indicated close 
association of the elevated general locomotor activity with NT expression in the CNS. 
 
 
4.2.5 Head-vector searching strategy in neurotrypsin-deficient mice 
 
Our water-maze results, including the time taken to reach the goal, the efficiency of the 
chosen path, and the direction error revealed that NT-deficient mice showed a significant-
ly elevated ability to find the relocated hidden platform during the reversal learning phase. 
One possible cause of this type of behavior may be a change in their searching strategy. 
During the hidden-platform test mice are allowed to freely explore the environment in 
order to acquire and memorize geometric aspects of their surrounding environment. Dur-
ing the course of the test mice should rely on the previously memorized information in 
order to perform place navigation towards the goal. The place navigation system is based 
on the place cells supported by the hippocampus (O'Keefe & Dostrovsky 1971; O'Keefe 
1978). Place cells fire at maximum rate when the animal is at a correct place and expe-
riencing the particular panorama characteristic for that place. The created spatial map 
consists of place fields formed during new environment exploration and lasts for months 
(O'Keefe 1976; O'Keefe & Conway 1978). Proper functioning of place cells during spatial 
learning requires induction of long term synaptic plasticity. It has been shown that the 
formation of the place cells memory trace is NMDA receptors dependent (Nakazawa et al 
2004).  
Cognitive maps based on the activity of the place cells are the most common system 
for place navigation, however, not the only one. In 1984, James B. Ranck, Jr. was the first to 
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notice a non-hippocampal, heading-based navigation system. Head-vector (HD) cells are 
considered to be a more primitive system that was eventually overtaken by place cells. HD 
cells fire as a function of an animal’s current heading, irrespective of the location (Taube et 
al 1990a; b). Spatial learning tests confirmed that hippocampal lesions disturb the system 
based on the cognitive maps but not HD searching strategy. Rats with hippocampal lesions 
found the platform more efficiently than control animals in the first trial of a session 
(Pearce et al 1998).  
Intriguingly, the localization pattern of place cells correlates with NT expression, whereas 
there is no correlation between the localization of HD cells and NT expression. HD cells 
can be found in the presubiculum (Ranck 1984), the striatum (Mizumori et al 2000; 
Wiener 1993), the anterior dorsal thalamic nuclei (Mizumori & Williams 1993), and  the 
lateral mammillary nucleus (Stackman & Taube 1998). We speculate that NT-deficient 
mice tend to use the HD cells system, because their place cells-based navigation system is 
disturbed. 
Studies of rats with a hippocampus lesion are in accordance with our hypothesis that NT-
deficient mice apply a searching strategy that is based on the HD cells instead of the place 
cells.  
Their change of the navigation strategy resulted in an elevated searching ability visible 
during the reversal learning phase of the water-maze test. Further studies focused on na-
vigation strategies in NT-deficient mice are required.
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5 Conclusions 
 
The use of animal models in research on neurological disorders is justified by the simi-
larity between the nervous systems. However, although mice share similar basic brain 
functions such as motor control activity and response to stress etc., with humans, we can 
not use mice models to study complex human behavior. We can only observe changes in 
behavior as a result of our manipulation.  
Our chemical stimulation results indicate the role of NT-dependent agrin cleavage in the 
processes of dendritic filopodia formation. In addition, previous studies revealed a strong 
correlation between filopodia formation and LTP induction in the NMDA-dependent man-
ner responsible for learning and memory processes. This stimulated our interest in the 
behavioral phenotype of NT-deficient mice. The set of behavioral tests used during our 
studies allowed us to discover the possible role of the NT/agrin interaction in adult the 
CNS. Deficiency of the NT and thus, absence of agrin-22, results in elevated locomotor ac-
tivity and enhanced acquisition of spatial learning. In addition, disturbance in the NT/agrin 
learning system may cause change from place cells navigation system into HD cells search-
ing strategy. 
Further, accurate analysis of NT-dependent enhanced new skills acquisition in relation to 
human MR is required.  
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6 MATERIALS AND METHODS 
6.1 Biochemical analysis  
6.1.1 Generation of transgenic mice 
Neurotrypsin-deficient mice 
NT-deficient mice were generated in order to demonstrate dependence of agrin cleavage 
on the presence of NT. The genomic DNA containing exon 10 and 11 of murine NT, respon-
sible for encoding the proteolytic domain, was obtained from a C57BL/6 genomic DNA 
library. The targeting vector included a loxP site upstream of exon 10 and a floxed neomy-
cin resistance sequence downstream of exon 11. Vectors were linearized and electropo-
rated into C57BL/6-derived embryonic cells, which were subsequently injected into blas-
tocysts. Germ-line male chimeras were crossed with C57BL/6 females to yield heterozyg-
ous offspring. Mice obtained this way were crossed with CMV-Cre mice to remove the 
floxed region. As a result, mice lacking the region encoding the proteolytic domain were 
generated. Animals were tested for NT deficiency by PCR.  
Mice expressing membrane-targeted GFP 
The mouse line L15 expressing membrane-targeted green fluorescent protein (GFP) in 
sparse neurons was generated in the laboratory of P. Caroni at Friedrich Mischer Institute 
for Biomedical Research, Basel, Switzerland. A construct containing cDNA for enhanced 
GFP was fused to the membrane-anchoring domain (first 41 aa) of a palmitoylated mutant 
of MARCKS29 under the Thy1 promoter. The L15 line was chosen. It was characterized by 
a low number of mGFP-labeled cells within the CA1 area of the hippocampus. The trans-
genic mice had no detectable phenotype, and the expression of these transgens did not 
affect the physiology and anatomy of the hippocampus. 
6.1.2 Mouse genotyping 
Tail biopsies were collected from all mice before weaning. They were digested in 300µl 
alkaline lysis reagent (0.25 M NaOH, 0.2 mM Na2EDTA, pH 12.0) in 95°C for 45 min on a 
rocking platform. Samples were neutralized with 300 µl neutralizing reagent (40 mM Tris-
base, pH 5.0) and stored at -20°C. For each PCR reaction two sets of reaction mix were 
prepared (10x buffer with MgCl2, dNTP's [2.5 mM each], 25 mM MgCl2, 5 u/µl Taq-
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Polymerase) taking into account different primers for the two genotypes (NT-wild-type: 
0.5 µM mNTendF and 0.5 µM mNT2R; NT-deficient: 0.5 µM mNT3F and 0.5 µM mNT2R).  
Primer sequence: 
mNT3F:                  5'-GCT GAC ATA GCT TGC TTG CAT TTG-3' 
mNTendF:             5'-CTC CTG GAG TTT ATA CCA GAG TCC-3' 
mNT2R:                 5'-GTC AGG TTA GTC TCA GGA GAT CTG-3' 
PCR program: 1x (3' 94°C), 40x (45'' 94°C, 45'' 62°C, 60'' 72°C), 1x (5' 72°C). 
Expected product size: mNT3F/mNT2R~650bp; mNTendF/mNT2R~490bp; Samples 
were analyzed in two rows on 2% agarose gel. 
6.1.3 Antibodies  
Rabbit antiserum R132 was raised against the C-terminal 90 kDa agrin fragment, 
where R139 rabbit antiserum was raised against the C-22 kDa fragment of agrin (Reif et al 
2007). The C-90-kDa and C-22-kDa anti-agrin sera were purified by affinity chromatogra-
phy. Both antibodies were able to detect the full-length agrin signal. The peroxidase conju-
gated secondary antibodies for Western blot analysis were purchased from sigma Aldrich 
Co. (USA).  
Table 1. Antibodies 
Name / antigen Antibody 
species 
type Dilution for  
Western blotting 
R132 (C-90-1) rabbit affinity purified 1 µg / ml 
R132 (C-90-1) rabbit serum 1 : 1000 
R139 (C-22-2) rabbit affinity purified 1 : 250 
beta-actin mouse IgG 1 : 10,000 
Peroxidase-
conjugated 
secondary anti-mouse 
 
goat 
 
IgG 
 
1 : 20,000 
Peroxidase-
conjugated 
secondary anti-rabbit 
 
goat 
 
IgG 
 
1 : 30,000 
Peroxidase-
conjugated 
secondary anti-goat 
 
rabbit 
 
IgG 
 
1 ; 10,000 
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6.1.4 Western blot sample preparation  
Animal spinal cord was interrupted prior to any procedure. This was followed by de-
capitation then removal of the skin and opening of the skull. Whole brains of C57BL/6 
wild-type and NT-deficient P10 mice were carefully removed from the skull. Whole brains 
were cut along the brain middle line into two hippocampi. Each of them (with the adjacent 
cerebral cortex) was homogenized separately in 50 µl of sucrose buffer (0.32 M sucrose, 5 
mM HEPES pH 7.4, 0.5 mM EDTA) with protease inhibitors cocktail (1:100, Sigma-Aldrich, 
USA). Samples were centrifuged at 10 000 rpm for 15 min in 4°C. Supernatant was col-
lected and stored at -20°C. 
Protein concentration was measured based on bicinchoninic acid method using BCA Pro-
tein Assay Kit (Pierce, USA). Procedure used to measure the concentration was based on 
the original protocol; however volumes were customized to our needs. 
6.1.5 SDS-PAGE and immunoblotting 
6.1.5.1 SDS-PAGE 
75 µg of protein samples, positive and negative controls were solubilized in reducing 
SDS-PAGE loading buffer LDS 4 x (Invitrogen, USA), boiled for 10 min at 75°C and loaded 
on self-casted 10% polyacrylamide gels. Each gel consisted of two parts: running part, 
lower gel stock (1.5 M Tris, 0.4% SDS, H2O, pH adjusted with 6 M HCl to pH 8.8), acryla-
mide, TEMED, 10% APS and stocking part, upper gel stock (0.5 M Tris, 0.4% SDS, H2O, pH 
adjusted with 6 M HCl to 6.8), acrylamid, TEMED, 10% APS. Proteins were electrophoreti-
cally separated under constant current of 25 mA per gel (Laemmli 1970) in gel running 
buffer (10x running buffer: 248 mM Tris, 1.918 M glycine, 1% SDS, H2O).  
6.1.5.2 Immunoblotting 
After electrophoresis proteins were blotted to Immobilon-P polyvinyline fluoride 
membranes (Milipore AG, Switzerland). For the optimal detection of the full-length agrin, 
proteins were transferred at 20 V overnight at 4°C in a Criterion Blotter wet transfer 
chamber (BioRad, Switzerland) using 0.5 x blotting buffer (12.5 mM Tris, 91 mM glycine, 
10% methanol). Afterward, the transfer membranes were soaked in methanol and air-
dried for 10-15 min. For further procedures, membranes were cut below the 50 kDa mark. 
The upper part of the membrane was incubated for 1 h with the primary antibody R132 or 
R139 diluted in Tris-buffered saline (TBS; 10 mM Tris/HCl, 150 mM NaCl, pH 8.0) contain-
ing 0.1% Tween-20 (TBST) and 10% milk. The lower part was incubated with the primary 
antibody against beta-actin diluted in the same buffer, but with 5% milk. After washing 
with TBST, the blots were incubated with peroxidase-conjugated secondary antibodies for 
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45 min, then washed again and subsequently developed with chemiluminescent substrate 
Chemiglow (Alpha Innotech GmbH, Germany) and LAS-3000 Image Reader (Fujifilm Eu-
rope GmbH, Germany). Density of the bands was quantified using Aida Imager Analyzer v. 
3.52 (Raytest GmbH, Germany). For all analyses, the agrin signal was first normalized to its 
corresponding β-actin signal, which was used as the internal loading control. The signal 
from the unstimulated wild-type sample was used as the positive control and was adjusted 
to 1; other samples were compared to it. 
6.1.6 Chemical stimulation 
For acute slice analysis, 4-6 week old mice (young adults) were used. The whole brain 
was rapidly dissected according to the method described in section 5.1.2 and placed for 3 
min in ice-cold artificial cerebrospinal fluid (ACSF). After that time the hippocampi, to-
gether with the adjacent cerebral cortex, were cut out and sliced vertically to the long axis 
of the hippocampus into 400 µm thick slices using a Mcllwain tissue chopper (Mickle La-
boratory Engineering Co, UK). The slices were transferred into room-temperature ACSF 
without calcium (120 mM NaCl, 3 mM KCl, 1.2 mM NaH2PO4, 23 mM NaHCO3, 11 mM glu-
cose, 2.4 mM MgCl2) oxygenated with 95% O2/5% CO2 and incubated for 1 h. The incuba-
tion is required to provide sufficient time for recovery after dissection. The right stimula-
tion slices were incubated in ACSF with calcium (2.4 mM CaCl2) for an additional 20 min 
with constant oxygenation. If possible, the same number of slices was used for each condi-
tion. Each stimulation experiment contained one control condition. Control slices passed 
through every phase of stimulation but no substances that cause long-term potentiation 
excitation and no inhibitors were added.  
6.1.6.1 Tetraethylammonium stimulation (TEA) 
For TEA stimulation slices were incubated in standard ACSF with 30 mM tetraethy-
lammonium (Sigma Aldrich, USA) for 10 min (Albouy et al). Stimulation was performed in 
room temperature with constant oxygenation.   
 
Fig. 5.1 TEA stimulation 
All possible stimulation conditions 
used in the experiment; all conditions 
were equally oxygenated and stimu-
lated at the same time. 
Each circle represents one wall of the 
6 wall plate. 
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6.1.6.2 Picrotoxin-Forskolin- Rolipram stimulation (PFR) 
In PFR stimulation, a combination of 50 µM picrotoxin, 50 µM forskolin and 0.1 µM ro-
lipram (Sigma Aldrich, USA) is applied. Slices were stimulated at room temperature in 
ACSF with high Ca2+ (4 mM CaCl2) and without Mg2+ with constant oxygenation for 16 min.  
All inhibitors were added into the ACSF right before stimulation in the following con-
centration: CNQX, 20 µM; MK-801, 20 µM; nifedipine, 50 µM (Sigma-Aldrich, USA). The 
same protocol was applied to whole hippocampi dissected from P10 brains. For histologi-
cal analyses, tissue after stimulation was fixed by incubation in 4% paraformaldehyde, 4% 
sucrose in PBS, pH 7.4, overnight at 4°C. Fixed brain slices were placed on the glass slips 
mounted in Vectashield mounting medium (Vector laboratories, Inc. Burlingame, CA), and 
stored in 4°C for further fluorescence analysis. Tissue for western blotting was snap frozen 
in liquid nitrogen and stored at -80°C.  
6.1.7 Filopodia quantification 
Transgenic mouse line L15 overexpressing membrane-targeted green fluorescent pro-
tein (GFP), under the control of Thy 1 promoter, was used to visualize dendritic filopodia. 
Acute hippocampal slices were prepared as described in section 5.1.4. Using a 100x objec-
tive of confocal microscope (Leica SP1) serial images of secondary apical dendrites of hip-
pocampal CA1 pyramidal neurons were taken at z-steps of 0.12 µm. Only healthy looking, 
complete dendrites that could be tracked back to the cell body were analyzed. All images 
were reconstructed into 3D using the Surpass Volume mode in the Imaris software (Bit-
plane AG). Filopodia were counted over a length of 30-40 µm along 27-40 independent 
secondary apical dendrites (~1 mm in total length) from three independent experiments. 
Dendritic filopodia were identified according to the morphological criteria established by 
(Grutzendler et al 2002). A detailed description can be found in section 1.3.1. Counting of 
filopodia was done blind with respect to conditions and genotype.  
6.1.8 Statistics 
Data from at least three independent experiments were collected and expressed as 
mean ± standard error mean (SEM). All data were tested for significance using ANOVA 
Turkey’s post hoc test. 
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6.2 Behavioral studies 
Prior to any behavioral procedures, mice were transported from the mouse housing 
facility to the separate room (vivarium), where they stayed for the duration of the beha-
vioral experiments. Mice were kept under reverse 12 h light/dark conditions with a con-
stant room temperature in the Mouse IVC Green Line system (Tecniplast, USA) with a sin-
gle cage air supply. Cages were changed every second week and access to water and food 
was checked at least twice per week. Before the first test was initiated, the animals were 
allowed to habituate for at least one week to their new environment. If not specified in 
particular experiments, food and water were available ad libidum. All tests were con-
ducted during the dark phase of the cycle and repeated every day at the same time.  
 
6.2.1 Locomotor activity 
 
 
Fig. 5.2 Activiscope protocol 
The light gray rectangles represent the first day of experimentation, and were treated as habituation period. 
The dark gray rectangles stand for the next consecutive four days of the test. 
 
During the experiment, mice were housed in individual cages in a separate room with 
reverse day/night cycle (vivarium). An infrared sensor was mounted above each cage to 
register animal movement (ACTIVISCOPE, NewBehavior AG, Zürich, Switzerland). The 
sensor was able to register activity across the metal cage grid. Paper houses were re-
moved from the cages for the duration of the experiment to avoid signal disturbance. Am-
bient light changes as well as room temperature were recorded. Activity was registered 
for 5 consecutive days during the week period and mice went back to their vivarium over 
the weekend. After the weekend, the recording was repeated for the next 5 days. General 
locomotor activity was calculated as the average of two runs, starting from day 2 until day 
5. Day 1 of the experiment was treated as the habituation period and was not included into 
statistical analysis. The described protocol was developed and is commonly used in the 
Anatomy Institute, University of Zurich. 
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6.2.2 Rotarod task 
 
 
Fig. 5.3 Rotarod protocol 
The first larger rectangle represents the early training phase, consisting of ten days. The second smaller rec-
tangle represents subsequent training sessions covering four consecutive days. The dotted line between the 
two training sessions stands for the one-week break. 
 
A five-line rotarod (TSA System GmbH, Germany) with an acceleration capability was 
used. The apparatus consisted of a 20 cm raised drum split into five separate compart-
ments. Only three out of five lines were simultaneously occupied. The surface of the rod 
was covered with rubber matting to prevent slippage and provide enhanced grip for mice. 
During the first day, before the initial trial, the animals were allowed to stay on the statio-
nary rod for 2min. This habituation trial was repeated if necessary. Mice were gently taken 
by the tails, transported from their cages and placed on the rod (three animals at a time). 
When all three mice were stable on the rod, rotation and recording was simultaneously 
started. One session consisted of 10 trials with a 5-6 min break in between. During the 
break, animals were placed in their separate waiting cages. Each trial started with a drum 
velocity of 4 rpm and constant acceleration of 0.1 rpm was applied until a maximum veloc-
ity of 30 rpm. A single trial was finished after 300 sec or until the mouse fell off the rod, 
which activated a photocell beam that stopped rotation. A light-beam sensor located be-
low each compartment recorded the time and velocity of the drum when a mouse fell 
down. Latency to fall was recorded by TSA Rotarod System V 4.0.9. Changes between trials 
provided information on within session learning. 
To test improvement between sessions, mice were trained for 7 consecutive 
days/sessions. All mice were retested for an additional 2 days after a 7 day break. This gap 
between two training phases allowed for observation of possible changes concerning 
memory consolidation. In the second version of this protocol, training was prolonged to 10 
constitutive days and mice were retested for 4 additional days, with a 7 day break in be-
tween. Body weight was recorded one day prior to the first trial and rechecked on the last 
day of the test. Protocol was adapted to the mouse conditions from (Buitrago et al 2004b). 
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6.2.3 Grip strength test  
 
 
Fig. 5.4 Grip strength test protocol 
The dark gray rectangle represents two consecutive days testing. Five trials were performed each day. 
 
Self-made apparatus, composed of a grip strength meter mounted in the horizontal po-
sition to a stable foundation was used to rate the strength of the front paws. To facilitate 
grip, the apparatus was provided with an additional handle. For the test, a mouse was tak-
en by the tail and gently brought closer to the handle. As soon as the animal had grabbed 
the handle with two front paws, the mouse was slowly and with minimal force pulled 
away by the tail until it released the grip. The force applied to the handle at the moment of 
the grasp release was recorded. Only trials with mice holding the handle correctly were 
taken into account. In the case of incorrect grabbing, the trials were repeated until five 
correct grasps were registered.  
Each animal participated in 5 trials for 2 consecutive days. Body weigh was recorded 
one day prior to the test. The same mice, which took part in the rotarod test, were tested 
for the grip strength. Results were presented as means from all trials over two days. No 
difference between days was noted. Protocol was developed and used in the Anatomy In-
stitute, University of Zurich. 
 
6.2.4 Morris water maze 
In all versions of the experiment a 150 cm diameter white polypropylene swim tank 
was used. The maze was filled with 25°C warm water, until a depth of approximately 15 
cm, and made opaque by adding 2 l of milk. The water in the pool was filled and drained 
daily. A video camera was placed above the center of the pool to register images of swim-
ming animals. Mice were trained to escape from the pool by locating a quadratic goal plat-
form (14 x 14 cm) made of wire mesh hidden 1 cm below the surface. Latency to find the 
escape platform, swim path length and floating time were measured for all training trials. 
To interpret spatial aspects of behavior, the time in current goal quadrant, path efficiency 
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(%), distance to current goal and absolute direction error (°) were analyzed. All data were 
collected on the computer with running tracking system EthoVision 2.30 (Noldus Informa-
tion Technology, Wageningen, The Netherlands). For each trial, the system recorded the xy 
position and object area. Collected raw data were transferred and analyzed using public 
software Wintrack 2.4 (by D.P. Wolfer). 
 
6.2.4.1 Classical Morris water-maze 
 
 
Fig. 5.6 Classical Morris water maze protocol 
The dark gray rectangle represents six consecutive days of training and the light gray represents the next 
seven days of reversal learning. 
 
In the classical Morris water maze experiment, animals swim to find a hidden plat-
form. To locate the platform, mice used distant visual landmarks in the environment. Mice 
were divided into four groups (SW, SE, NE, NW), and each had to find the platform, which 
was located in a different position (Fig. 5.7). Four different target positions allowed obser-
vation of differences in place preferences resulting in goal placement, if any occurred. An-
imals were subjected to a series of 6 trials daily for 6 consecutive days using a semi-
random start location. At the beginning of every trial, the animal was placed in the pool 
facing the wall of the tank in a white plastic cup. When the mouse found the platform it 
was removed from the maze using a wire mesh grid and placed in the cage under the heat-
ing lamp to avoid temperature shock. Mice were allowed to look for the platform for a 
maximum of 2 min. If they failed to find it they were removed from the water and placed in 
the cage.  
Learning abilities were assessed by 6 daily trials for 4 constitutive days of reversal learn-
ing. In this experiment, the platform was moved to the opposite site. This revealed wheth-
er or not animals can extinguish their initial learning and acquire a direct path to the new 
goal. In the second version of this protocol, reversal learning was prolonged to 7 consecu-
tive days in order to observe the exact differences during reversal learning. Protocol was 
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adapted for mice conditions from the rat place navigation study (Morris 1981). Protocol 
from the Anatomy Institute, University of Zurich was used. 
 
 
Fig. 5.7 All possible platform positions in the classical Morris water maze protocol 
During training the platform (black square) remained in the same position for 6 consecutive days (days 1 - 6) 
only the start point (arrowhead) changed. During the following days (days 7 – 10), reversal learning took 
place. The platform was positioned at the opposite quarter of the tank (new position – black square, old posi-
tion – white square). 
 
6.2.4.2 Two-cue Morris water-maze 
 
 
Fig. 5.8 2-cue Morris water maze protocol 
The first light gray rectangle represents the shaping phase and the dark gray indicates the training period. 
Each arrow represents a single probe trial. The dotted line between shaping and training phases represents 
time without trials. 
 
The 2-cue Morris water maze test was adapted from (Lee et al 2008). In this version of 
the test, a platform was marked by one of the cues. Cylinders (11 cm high, 2.5 cm in diame-
ter) were painted gray, or with black and white vertical or horizontal stripes (1 cm width). 
All cylinders were manufactured in the Biochemistry Department workshop according to 
description by (Lee et al 2008). The first 5 constitutive days consisted of shaping this was 
necessary for the right performance during the 2-cue phase. On the first day, each mouse 
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was placed on the platform marked with the gray cylinder for 30 sec and returned to the 
cage. This procedure was repeated 4 times in every quadrant of the pool. For the next 4 
days of shaping, 4 trials per day were performed. Animals were placed in the water oppo-
site to the escape platform and allowed to find the marked platform on their own. Each 
animal was exposed to the platform once in each quadrant (NE, SE, NW, and SW) in pseu-
do-random order (Fig. 5.9). After 5 days of shaping, the mice were left in the vivarium for 
2 days.  
For the experiment, animals were divided into two groups, with either a vertical or a 
horizontal striped cylinder as the correct cue. This was done to avoid a higher preference 
by the animals for one of the cues. The escape platform was placed in the center of a qua-
drant and was marked by the stripes (the goal cue). The other striped cylinder (the lure 
cue) was placed in the adjacent quadrant. The lure cue didn’t allow the animal to escape 
from the water. Animals were allowed to swim for a maximum of 2 min. They completed 4 
trials per day for the next 7 days of the training. To assess acquisition of the task, 3 probe 
trials were performed on the fourth trial of days 10, 12 and 14. In the probe trial, cue loca-
tion was determined exactly as in regular training but both cues were placed on the stands 
to prevent escape from the water. Search for the platform was allowed for 60 sec, after 
which the mouse was removed from the pool. 
 
Fig. 5.9 All possible plat-
form positions in the 2-cue 
Morris Water Maze  
Each circle represents the 
water maze. Gray squares 
represent cylinders without 
stripes but with the platform, 
providing escape from the 
water. Correct goals are 
marked with black squares 
with vertical stripes. Doted 
squares stand for lure cues, 
cylinders with horizontal 
stripes without platforms. 
Black arrowheads are starting 
points. Dashed circles are a 
probe trial, which was re-
peated on day 10, 12 and 14.  
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6.2.5 Fear conditioning 
The Fear Conditioning System (TSA, Bad Homburg, Germany) consisted of a 
soundproof test chamber (58 x 30 x 27 cm3) equipped with a light, fan and a sound source. 
A small Plexiglas box (35 x 20 x 20 cm3) with a shock grid was situated in the middle of the 
chamber. The grid was connected to a shock/scrambler unit providing an electric shock 
with adjusted intensity and duration. Photo cells automatically recorded mice motor be-
havior and video cameras monitored each mouse in the single unit. Auditory cue and foot-
shock were delivered automatically, controlled by software. The training and context test 
were conducted in the same training chamber. 
 
6.2.5.1 Classical fear conditioning 
 
 
Fig. 5.10 Classical fear conditioning protocol 
Each light rectangle represents time when tone was delivered to the mouse. The arrows indicate time point 
when footshock was received. Dark gray rectangles represent 30 sec break in between each tone/shock pair-
ing. 
 
On day 1 of conditioning training, each mouse was taken from its home cage and 
placed into the conditioning chamber. Animals were allowed to explore the environment 
for 60 sec. After that time, the auditory cue (92 Db conditioned stimulus (CS)) was deli-
vered for 30 sec. During the last 2 sec of the tone, the unconditioned aversive stimulus 
(US), a mild footshock (0.25 mA) was received. This kind of pairing (tone + shock) was 
applied three times during a single session. Animals were left in the chamber for an addi-
tional 30 sec after the last pairing in order to create an association between the aversive 
stimulus and the properties of the chamber. The time spent freezing during the training 
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day was considered as a control measure of unconditioned fear. Freezing was defined as 
no movement other then respiratory. 
Testing was performed on day 7, after a 6 days break, in order to observe long-term fear 
conditioning memory. Each mouse was placed in the same chamber for 2 min. No foot-
shock or tone was administered. The number of seconds spent freezing in the same cham-
ber was used as a measure of contextually conditioned fear. The second phase of testing 
consisted of placing animals in the same chamber but the inside had been changed in such 
a way that the animals would consider it a completely new environment. A Plexiglas plate 
was placed on the grid with some wood shavings and a big stone. The mouse was allowed 
to explore the new environment for 60 sec and then a 60 sec tone was delivered. Cued 
conditioning was calculated by comparing freezing time in the changed chamber in the 
presence of the cue with freezing time in the absence of the cue. 
 
6.2.5.2 Fear Extinction 
 
 
 
Fig. 5.11 Fear extinction protocol 
Each light rectangle represents time when tone was delivered to the mouse. The arrows indicate time point 
when footshock was received. Dark gray rectangles represent 30 sec break in between each tone/shock pair-
ing in the case of training phase. Small dark gray rectangles between 20 times tone repetitions represent 2 sec 
break. 
 
The first part of the experiment: training and test were conducted according to the 
same protocol as classical fear conditioning. Fear extinction was performed on day 3 and 4, 
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without a break. Mice were placed in the same chamber, but with the inside changed so 
that mice would consider it a new environment. The Plexiglas plate was placed on the grid 
with some wooden shavings and a big stone. Animals were allowed to explore their new 
environment for the first 70 sec and then a 30 sec tone was delivered, and repeated 20 
times with a 2 sec break in between. The same protocol was conducted on day 4. 
 
6.2.6 Staircase test 
 
 
Fig. 5.12 Staircase protocol 
The light gray rectangle represents one day of habituation procedure and the long dark one indicates ten days 
training phase. 
 
The test was performed in 4 chambers (Lafayette Instrument Company Inc, USA) si-
multaneously. The apparatus is designed so that the central platform runs the full length 
of the corridor with a narrow space on both sides, into which a removable double staircase 
with eight steps on each side can be inserted. Each step has a small well were a sugar pel-
let can be placed. Mice can enter the corridor and reach down from the left side with the 
left paw and from the right side with the right paw. There was no possibility of the animal 
to turning around in the corridor and it must exit the corridor backwards. A small open 
compartment is situated at the beginning of the corridor. Due to the space limitation in-
side the chamber and to increase motivation, mice were food deprived until they reached 
80-85% of their starting body weight. The quantity of received food was monitored to 
maintain a constant weight until the end of the experiment. During the last two days prior 
to the test, a maximum of 10 sugar pellets were placed in the home cage of each mouse to 
habituate them to the bait. On day 9, animals participated in a single habituation session. 
They were allowed to explore the chamber for 10 min. Sugar pellets were placed along the 
central platform, but no pellets were inserted in to the staircase well. 
For the next 10 consecutive days, every mouse participated in a single 20 min session. 
The duration of a single session is important due to the typical mice behavior; mouse after 
grasping the sugar pellet to consume it, the mouse retreats to the small starting compart-
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ment at the beginning of the corridor to consume the pellet. Each daily trial began by plac-
ing the animal into the starting compartment and inserting the removable baited double 
staircase (1 pellet per well). At the end of each session, pellets remaining in the well and 
knocked to the floor were counted. Body weight was monitored during the entire experi-
ment. Mean over the eaten pellets was calculated across all days of the experiment. Num-
ber of missing pellets from day 10 was compared with the number on day 19. Protocol 
was adapted from (Baird et al 2001; Montoya et al 1991). 
 
6.2.7 T-maze test 
 
 
Fig. 5.13 T-maze protocol 
The dark gray rectangles represent two training sessions ending with single probe trials (light gray rectan-
gles). 
 
The T-maze test was performed using the T-maze test package for mice (Med Asso-
ciates Inc., St.Albans, Vermont, USA). Apparatus consisted of four modular mouse runways. 
Each runway was constructed of an easily cleaned white polypropylene floor with trans-
parent polycarbonate walls and I/R photobeams sensors at both walls situated at the be-
ginning of the arms. Two of the opposite arms ended with transparent start/goal boxes 
with the auto guillotine door. The two remaining opposite arms ended with head entry 
detectors and pellet dispensers. In the middle of the maze a modular mouse hub was si-
tuated that consisted of four exits/entries. During all trials, three of the doors were always 
open, the two pellet dispenser arms and one of the start/goal box arms.  
Mice were food deprived until their body weight reduced to 80-85 % of their initial weight 
and were maintained at this level throughout the experiment. During two days of habitua-
tion time, animals were introduced into the maze. They were placed into the cross-maze in 
the start box and allowed to explore the area freely for 5 min. There were no food pellets 
in the maze during that time. For the next five consecutive days, mice were trained to tra-
verse the maze, turn into the right arm and consume sugar pellets localized at the end of it. 
The first trial of each day contained a hint how to get to the proper arm of the maze in or-
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der to get a reward. Four pellets were placed along the line, from the outside of the start-
ing box until the end of the goal arm. During this first trial, in the case of an incorrect re-
sponse, the mouse was allowed to trace back to the baited arm. The remaining four trials 
were carried out without any additional bait. The session was considered successfully 
terminated when the mouse reached the correct arm, poked its head into the head detec-
tor and activated the pellet dispenser within the specified time. When the animal’s motion 
was not detected by any of the photosensors for longer than 1 min, the session was termi-
nated and was considered as movement error. In the second version of the protocol, an 
additional possibility to end the trial was added. When the mouse chose the wrong arm 
and poked its head into the head detector in order to get a reward, the trial was finished 
and considered a decision error. Protocol was conducted in SOF-700RA-9 T-maze using 
training and testing software (Med Associates Inc., St.Albans, Vermont, USA), which was 
customized for our needs. 
Each animal performed 5 trials per day with a 30 sec break in between. The surface of 
the maze was washed after each trial, in order to reduce the possibility of following their 
smell trace. On day 6, a single probe trial was performed. During this trial, the start box 
was situated on the opposite side to that used during the training. Mice had to perform 
exactly the same task, to find the correct arm but starting from the opposite direction. For 
the next five days, animals were trained again according to the previously described pro-
tocol and on day 12 they again performed the single probe trial. To check whether animals 
reached the level of overtraining, the following criteria were established: 
 > 80% correct turns in average over 2 consecutive days 
 overtraining until performance exceeded the criterion level in 10 consecutive 
days; 
At the end of the experiment, data were transferred into an Excel file using SOF -731 Med-
PC to Excel (Med Associates Inc., St.Albans, Vermont, USA). Protocol was adapted from 
(Packard & McGaugh 1996; Pittenger et al 2006). 
6.2.8 Statistics 
Behavioral data was analyzed for Univariate ANOVA (Field 2005) using SPSS-PASW 
Statistics version 18 (IBM, USA). Difference was considered to be significant at P< 0.05. All 
analysis was performed in consultation with a Prof. David Wolfer (Institute of Anatomy) 
and statistician Dr. Michal Okoniewski (Functional Genomic Centre Zurich). 
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APPENDIX 
 
The following chapter includes detailed statistical analyses of the behavioral studies con-
ducted on wild-type and NT-deficient mice.  
 
Table 1. Statistical calculation for the 1st series of the Rotarod test. 
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Table 2. Statistical calculation for the 2nd series of the Rotarod test. 
 
Tests of Between-Subjects Effects 
Dependent Variable:Latency to Fall (sec) 
Source 
Type III Sum of 
Squares df Mean Square F Sig. 
Corrected Model 427015.205
a
 23 18565.878 25.845 .000 
Intercept 4647874.960 1 4647874.960 6470.109 .000 
Trial 110885.721 9 12320.636 17.151 .000 
Day 219281.580 12 18273.465 25.438 .000 
Stage .000 0 . . . 
Sex 20241.730 1 20241.730 28.178 .000 
Error 183900.469 256 718.361   
Total 5509188.552 280    
Corrected Total 610915.674 279    
a. R Squared = .699 (Adjusted R Squared = .672) 
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Table 3. Statistical calculation for the 3rd series of the Rotarod test. 
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Table 4. Statistical calculation of the muscle strength difference between wild-type and 
Nt-deficient mice. 
 
 
 
Table 5. Statistical calculation of the general locomotor activity during the 1st series of 
activity test. 
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Table 6. Statistical calculation of the general locomotor activity during the 2nd series of 
activity test. 
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Table 7. Statistical calculation of general locomotor activity change over time. 
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Table 8. Statistical calculation of the fear response during Fear Conditioning training. 
 
 
 
Table 9. Statistical calculation of the response to the context during Fear Conditioning. 
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Table 10. Statistical calculation of the response to the cue during Fear Conditioning. 
 
 
 
Table 11. Statistical calculation of the improvement in reaching and grasping abilities 
during Staircase test. 
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Table 12. Statistical calculation for the Two-cue water-maze test/Distance to cue (m). 
 
 
 
 
 
Table 13. Statistical calculation for the Two-cue water-maze test/Escape latency (s) dur-
ing 2nd - 5th day (one cue). 
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Table 14. Statistical calculation for the Two-cue water-maze test/Escape latency (s) dur-
ing 8th-14th day (cue discrimination, only training trials). 
 
 
 
 
 
Table 15. Statistical calculation for the Two-cue water-maze test/Time near wall (%) dur-
ing 2nd-5th day (one cue). 
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Table 16. Statistical calculation for the 4th series of the Classical Morris water-maze 
test/Escape latency (s). 
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Table 17. Statistical calculation for the 4th series of the Classical Morris water-maze 
test/Absolute direction error (°). 
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Table 18. Statistical calculation for the 4th series of the Classical Morris water-maze 
test/Path efficiency (%). 
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Table 19. Statistical calculation for the 4th series of the Classical Morris water-maze 
test/Time in current goal quadrant (s). 
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Table 20. Statistical calculation for the 4th series of the Classical Morris water-maze 
test/Distance to current goal quadrant (m). 
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Table 21. Statistical calculation for the 4th series of the Classical Morris water-maze 
test/Beeline start-goal (m). 
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Table 22. Statistical calculation for the 4th series of the Classical Morris water-maze 
test/Swim path (s). 
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Table 23. Statistical calculation for the 4th series of the Classical Morris water-maze 
test/Time near wall (%). 
 
Tests of Between-Subjects Effects 
Dependent Variable:Time near wall (%) 
Learning Source 
Type III Sum of 
Squares df Mean Square F Sig. 
aqusition Corrected Model 3123.294
a
 7 446.185 13.318 .000 
Intercept 7008.274 1 7008.274 209.182 .000 
Genotype .489 1 .489 .015 .904 
WeightCode .114 1 .114 .003 .954 
AgeCode 84.450 4 21.113 .630 .642 
Day 3019.948 1 3019.948 90.139 .000 
Error 4958.475 148 33.503   
Total 21772.838 156    
Corrected Total 8081.769 155    
reversal learning Corrected Model 853.627
b
 7 121.947 3.582 .001 
Intercept 915.800 1 915.800 26.899 .000 
Genotype 55.365 1 55.365 1.626 .204 
WeightCode 146.762 1 146.762 4.311 .039 
AgeCode 638.125 4 159.531 4.686 .001 
Day 196.311 1 196.311 5.766 .017 
Error 5924.073 174 34.046   
Total 12901.572 182    
Corrected Total 6777.700 181    
a. R Squared = .386 (Adjusted R Squared = .357) 
b. R Squared = .126 (Adjusted R Squared = .091) 
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Table 24. Statistical calculation for the Fear extinction test/Response to training. 
 
 
 
Table 25. Statistical calculation for the Fear extinction test/Response to context. 
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Table 26. Statistical calculation for the Fear extinction test/Response to cue. 
 
 
 
Table 27. Statistical calculation for the Fear extinction test/Fear extinction. 
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Table 28. Statistical calculation for the Fear extinction test/Fear recovery. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix 170 
Table 29. Statistical calculation for the T-maze test/Time to goal during 1st series. 
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Table 30. Statistical calculation for the T-maze test/Number of successfully reached goals 
during 1st series. 
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Table 31. Statistical calculation for the T-maze test/Time to goal during 2nd series. 
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Table 32. Statistical calculation for the T-maze test/Number of successfully reached goals 
during 2nd series. 
 
 
 
